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Abstract 
Ionic Liquid-Modified Thermosets and Their Nanocomposites: 
Dispersion, Exfoliation, Degradation, and Cure 
James Alexander Throckmorton 
 
 
This dissertation explores the application of a room temperature ionic liquid (RTIL) 
to problems in the chemistry, processing, and modification of thermosetting polymers. In 
particular, the solution properties and reaction chemistry of 1-ethyl-3-methyl imidazolium 
dicyanamide (EMIM-DCN) are applied to problems of nanoparticle dispersion and 
processing, graphite exfoliation, cyanate ester (CE) cure, and the environmental 
degradation of CEs. 
Nanoparticle Dispersion 
Nanocomposite processing can be simplified by using the same compound as both 
a nanoparticle solvent and an initiator for polymerization. This dual-function molecule can 
be designed both for solvent potential and reaction chemistry. EMIM-DCN, previously 
shown by our lab to act as an epoxy initiator, is used in the synthesis of silica and acid 
expanded graphite composites. These composites are then characterized for particle 
dispersion and physical properties. Individual particle dispersion of silica nanocomposites 
is shown, and silica nanocomposites at low loading show individual particle dispersion and 
improved modulus and fracture toughness. GNP nanocomposites show a 70% increase in 
modulus along with a 10-order of magnitude increase in electrical conductivity at 6.5 vol%, 
and an electrical percolation threshold of 1.7 vol%. 
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Direct Graphite Exfoliation By Laminar Shear 
This work presents a laminar-shear alternative to chemical processing and chaotic 
flow-fields for the direct exfoliation of graphite and the single-pot preparation of 
nanocomposites.  Additionally, we develop the theory of laminar flow through a 3-roll mill, 
and apply that theory to the latest developments in the theory of graphite interlayer shear. 
The resulting nanocomposite shows low electrical percolation (0.5 vol%) and low 
thickness (1-3 layer) graphite/graphene flakes. Additionally, the effect of processing 
conditions by rheometry and comparison with solvent-free conditions reveal the 
interactions between processing and matrix properties and provide insight into the theory 
of the chemical and physical exfoliation of graphite crystals and the resulting polymer 
matrix dispersion.  
Cyanate Ester Cure 
Dicyanamide-containing ionic liquids decrease the cure temperature of bi- and tri-
functional CEs. During the cure reaction, the dicyanamide anion completely reacts and is 
incorporated into the triazine network. The cure effect was found in many dicyanamide-
containing ionic liquids with diverse cations. This invention creates a novel, ionic 
thermoset polymer. The dicyanamide initiator provides an alternative to metal and 
hydroxyl catalysts (which have been shown to accelerate degradation and possess human 
and environmental toxicity). Additionally, the ionic character of the new polymer, rare 
among thermosets, lends itself to future research and novel applications.  RTIL initiation 
also paves the way to new CE technologies, including RTIL-CE nanocomposites, prepared 
by graphite exfoliation and nanocomposite dispersion techniques developed herin. 
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1. Introduction 
1.1. Motivation and Approach 
This thesis explores the application of a room temperature ionic liquid (RTIL) to 
the curing chemistry, processing, and modification of thermosetting polymers. In 
particular, the solution properties and reaction chemistry of 1-ethyl-3-methyl imidazolium 
dicyanamide (EMIM-DCN) are investigated as it relates to the practical processing issues 
involved in polymer cure, nanoparticle dispersion, and graphite exfoliation. The integrated 
processing techniques developed in this work present the processing of few layer graphite-
epoxy nanocomposites directly from naturally occurring flake graphite in one solution 
throughout the process. As an extension of the value of this work, it was discovered that 
EMIM-DCN also acts as an initiator for cyanate ester systems. This RTIL-cyanate ester 
cure chemistry was characterized, and then further developed as a second application of 
the nanocomposite processing work. 
 Nanoparticle dispersion 
For effective polymer reinforcement, it is important that the nanoparticles be well 
dispersed – that is, both de-agglomerated and well-distributed. Agglomeration refers to the 
tendency of particles to form clumps, stacks, or bundles in a thermodynamic environment 
that favors interparticle interactions to particle-solvent or particle-polymer interactions.  
This clumping results in larger particle agglomerates with poor internal cohesion, 
eliminating the lengthscale effects of the small particles and diluting the property 
improvement intended by the selected filler loading.  Distribution refers to the overall 
spatial positioning and orientation of the particles. Even distribution is important for 
material homogeneity as well as property improvement; both mechanical reinforcement 
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and transport property modification are heavily dependent on the spatial distribution of the 
filler phase. While these considerations are important for any two-phase material, 
nanometer-scale particles pose unique challenges of dispersion due to their high specific 
surface areas (SSAs) and particle mobilities relative to larger fillers. 
A good dispersion requires effective thermodynamic and kinetic approaches. 
Thermodynamically, a good solvent environment facilitates both resistance to 
agglomeration during processing and interface with the polymer matrix after cure. 
Kinetically, a range of processing methods such as sonication and shear mixing provide 
forces necessary for deagglomeration and uniform distribution. In addition to the imparted 
forces, however, even well suspended nanoparticles can suffer sedimentation and de-
mixing during long storage times due to gravity or internal diffusion. For polymer 
nanocomposites, the problem of dispersion is a practical question of chemical processing, 
including solvent selection, physical processing, processing timing, and polymer cure. 
This study proposes that nanocomposite processing can be simplified by the use of 
the same compound as both a solvent for nanoparticles and an initiator for polymerization. 
This dual-function solvent-initiator molecule can be tuned both for solvent potential and 
reaction chemistry. EMIM-DCN, previously shown by our lab to act as an epoxy initiator, 
is used in the synthesis of silica and graphite nanoplatelet (GNP) composites. These 
composites are then characterized for particle dispersion and physical properties.  
Top-down graphite exfoliation  
Because of the rapidly expanding understanding of both the exceptional physical 
properties and groundbreaking applications of graphene, cost-effective production 
methods for defect-free graphene sheets are in high demand. Graphite crystals provide a 
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readily available source of these graphene sheets, if effective methods of interlayer 
exfoliation can be developed. The goal of these methods is the cost-effective, scalable 
separation of the graphite crystal into constituent graphene layers with minimal defect 
induction and sheet cleavage.  
A variety of physicochemical strategies for graphite exfoliation have shown 
tradeoffs between purity of exfoliated material, throughput, yield, scalability, cost, and 
processing hazards for the exfoliation of natural graphite. These approaches include 
covalent modification, graphite intercalation, electrochemical exfoliation, and 
mechanically-assisted direct solvent dispersion. Chemical methods involve cost, 
environmental hazards, and defect induction, which can be avoided with alternative 
processing methods. Mechanically assisted solvent dispersion typically involves turbulent, 
multi-directional flow and an imprecise estimate of the forces acting upon the graphite 
sheet.  
In contrast, this work proposes that well-defined laminar shear can exfoliate natural 
graphite at high yield, using an intelligent approach to graphite crystal structure, shear 
forces, solvent selection, dispersion, and polymer cure by an RTIL solvent-initiator. This 
approach provides a path to streamlined, scalable processing and avoids limitations of other 
exfoliation methods. 
Cyanate Ester Cure and Degradation 
CEs polymerize with a unique, ring-forming trimerization reaction that is stabilized 
by both hydroxyl and metal catalysts with complementary catalytic mechanisms. 
Unfortunately, these catalysts can accelerate degradation. Alternative reaction mechanisms 
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could lower CE cure temperature while offering a new range of properties. Further, an 
RTIL curing agent-solvent could provide similar property modifications to cyanate esters 
as to epoxies, and allow for graphite exfoliation and dispersion into a CE nanocomposite 
following the same methodology. This study presents the results of curing bisphenolic and 
polyphenolic CEs in the presence of EMIM-DCN, including an investigation into the cure 
mechanism, cure kinetics, and properties of the cured resin. Extending this result, 
nanocomposites made with directly-exfoliated graphite and an RTIL solvent-curing agent 
are synthesized and characterized for dispersion and degradation.  
1.2. Background 
Thermosetting chemistries 
Thermosetting resins are polymers characterized by a 3-D cross-linked lattice.1 
This lattice, consisting of covalent bonds between monomers, forms a solid material with 
a wide range of mechanical, thermal, and chemical properties. These properties can be 
controlled by varying the monomer structure, changing the nature of the active chemical 
sites, adding cure accelerants or non-reactive diluents, adding a secondary reinforcement 
phase, and selecting the extent and nature of network formation. Figure 1.1 shows a 
common thermoset network, formed by a step-addition reaction between a bisphenolic 
epoxy (red) and an amine curing agent (blue).  
Early thermosets were developed and applied without an understanding of the 
chemistry of the polymerization process. The first applied thermoset material was created 
by Charles Goodyear in 18392 when he discovered the vulcanization process, which formed 
sulfur cross-links in natural rubber. This began the high-volume use of tough rubbers. In 
1909, Belgian-American chemist Leo Baekland developed the first modern, high modulus 
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casting thermoset, Bakelite.3 Bakelite was a phenolic resin used alone and in composites 
in a variety of consumer and industrial products.  
After Staudinger’s macromolecular theory4,5 provided a theoretical basis for understanding 
thermoset structures in the 1920s, succeeding decades saw the rapid development of 
rationally designed thermosetting chemistries. Polyurethanes6 and epoxies7 were first 
reported in the late 1930s by competing German and American researcher teams. Vinyl 
esters were first reported in the 1950s.8 . Notable high-temperature chemistries, 
polyimides9 and cyanate esters,10,11 were first developed in the 1960s.   
 
 
 
Figure 1.1: Thermosetting network comprised of Diglycidyl Ether of Bisphenol A 
(DGEBA) and PACM diamino curing agent.  
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In contemporary industry, thermosetting resins are used in a range of critical 
contexts. Thermoset resins are the dominant matrix phase for fiber-based composites, such 
as fiberglass and carbon fiber in high performance structural materials.  Thermoset 
engineered adhesives provide structural bonds between layers in complex parts. High 
performance coatings take advantage of thermoset transport properties, such as chemical 
and thermal resistance, in extreme environments such as marine construction and ablative 
shielding.  
Many common monomers for structural thermosets are based on bisphenol and 
polyphenolic structures, including the ones used in this study. These monomers are 
synthesized by well-characterized and industrially optimized processes, and provide good 
ultimate physical properties, such as modulus and glass transition temperature (Tg). Figure 
1.2. depicts three common monomeric or oligomeric structures of particular relevance to 
this study.  
A wide variety of epoxides are available commercially, including aromatic and 
aliphatic, and bi-, tri-, and tetra-functional monomers. Bisphenol-based monomers are 
among the most common, combining low viscosity for processing with a high cross-linking 
density and high stiffness. Epoxy monomers are typically synthesized by the reaction of 
epichlorohydrin with an alcohol or phenol.9 During this epoxidation reaction, some portion 
of monomers instead form short-chain oligomers, such as that shown in Figure 1.2(A). The 
repeat unit of that oligomer can have a very low value (e.g. n=0.07 for DGEBA with the 
trade name EPON 828).  
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Figure 1.2: (A) Diglycydyl ether of bisphenol A (DGEBA) (Tradename: Epon 828, when 
n=0.07) (B) Bisphenol E Cyanate ester (Tradename: Primaset LECY), and (C) oligo (3-
methylene -1,5-phenylenecyanate ester) (Tradename: Primaset PT-30) 
 
 
 
Epoxies react via a nucleophilic addition reactions that cleave the oxirane ring.9 
This is typically accomplished by one of two reaction mechanisms, shown in Figure 1.3. 
Epoxies can react with primary and secondary amines to form a thermoset polymer via step 
growth polymerization (Figure 1.3A). For this reaction, the epoxy-amine ratio is critical to 
achieve optimized formulations. Hydroxyl impurities or excess epoxy will result in a 
competing etherification reaction, which will decrease cross-linking density and Tg. Figure 
1.2B depicts second reaction pathway for epoxy monomers – chain extension 
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polymerization via a cationic initiator.   Unlike the step-growth mechanism, this reaction 
pathway does not have an optimum hardener-epoxy ratio. Rather, the hardener 
concentration can affect final material properties by changing the average molecular weight 
between cross links. 
 
 
Figure 1.3: Epoxy-amine step addition polymerization mechanism (A) and anionic chain-
growth polymerization mechanism (B) for epoxy cure. With bifunctional monomers, both 
mechanisms will yield a thermoset network. 
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Cyanate ester (CEs) are thermosetting resins with range of valuable properties for 
high performance materials applications.12,13,14 Notably, a Tg  of up to 400ºC promises 
applications in high temperature composites15 or as a hot-solder substrate. Other significant 
properties of cyanate ester resins include good fracture toughness, excellent substrate 
adhesion, low shrinkage, low dielectric loss, and low moisture uptake. For applications in 
which performance in such areas justifies the additional cost, cyanate esters are a proven 
replacement for more common thermosets such as epoxies or maleimides in applications 
in the aerospace, electronics, and communications industries. 
There are several routes to the synthesis of cyanate ester monomers, including 
reaction of alcohol with cyanogen halide,10 thermolysis of thiatriazoles, heavy metal oxide 
dehydration of O-alkyl thiocarbamates, acylation and decomposition of O-alkyl-N-
hydroxythiocarbamates, and an alcohol exchange reaction with thiocyanates.16 The most 
common for commercial applications is the reaction of phenols or alcohols with cyanogen 
halides,10 which has been shown to successfully produce aryl, alkyl, and fluoroalkyl 
cyanate esters. Cure pathway design and product purity are important; residual phenolic 
reactant accelerates the cure reaction and shortens shelf life while carbamate formation 
during monomer synthesis or cure can reduce the ultimate cross-linking density.  
Commercially, a variety of cyanate ester monomers are produced. As with other 
thermosets, difunctional monomers based on bisphenolic structures are among the most 
commonly used, such as the bisphenol E dicyanate ester in Figure 1.2B). These monomers 
typically feature low viscosity for liquid-phase processing and composite infusion, as well 
as a high Tg (exceeding 300°C for some bisphenolic monomers). Additionally, 
polyphenolic monomer structures are available which produce an extremely high Tg 
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(theoretical Tg above the 400°C decomposition temperature in the case of Primaset PT-
30).   
CE monomers polymerize via a unique, ring-forming trimerization.17, This ring-
formation allows for a stiff, high-Tg structure to form from low-viscosity, room-
temperature liquid monomers. Neglecting side reactions, this reaction is depicted in Figure 
1.4, after Simon and Gillham.17 Active hydroxyl donors in concert with coordination-center 
metal catalysts accelerate cure speed and extent. While nonylphenol is the most commonly 
added hydroxyl donor,18,19,20 the wide range of metals is used as synthesis catalysts, 
including  titanium18 cobalt,19 copper,20 chromium,21,22 iron,23 tin,24 zinc,25 and 
manganese.26 Homopolymerization without added catalysts has also been shown to occur 
at high temperatures.  However, this reaction is still thought to be mediated by trace phenols 
and metals present in the mixture due to monomer degradation, impurity, or residual from 
synthesis.27   
Cyanate esters and cured triazine networks are vulnerable to a competitive side 
reaction as well as hydrolytic degradation. In competition with the primary synthesis 
mechanism (Figure 1.4),  a carbamate structure (Figure 1.5A) can be formed.28 
Additionally, hydrolytic degradation can occur via chain-scission29 or ring scission 
mechanisms.30 
Alternative cure systems for cyanate esters are desirable to mitigate the downsides 
of current catalyst systems. Current cyanate ester systems have practical and environmental 
drawbacks. Metal coordination centers, particularly copper, have been shown to accelerate 
hydrolysis within cured cyanate ester resins, leading to significant network degradation, 
Tg loss, and blistering.,31,32  Additionally, many hydroxyl donors, particularly the volatile, 
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phenolic-based compounds that are polymer-miscible, such as nonylphenol, have been 
flagged as toxic to human health and harmful to the environment.33,34   
 
 
 
Figure 1.4: Primary mechanism of cyanate ester trimerization, featuring hydroxyl-donor 
and metal coordination center catalysts. 
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Figure 1.5: Cyanate ester degradation pathways. (A) Monomer carbamate formation 
competes with the primary synthesis reaction, decreasing the number of cyanate ester 
groups available for polymerization, limiting potential cross-linking density. (B) Chain-
scission and (C) ring-scission hydrolysis reactions on the cured polymer not only reduce 
cross-linking density after cure, but can lead to negative shape behavior, such as 
blistering or delamination. 
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Nanocomposites  
Polymer nanocomposites consist of inorganic particles with at least one dimension 
in the 1-100 nm lengthscale. They promise to open new areas of applications for thermosets 
and thermoplastics with facile processing and enhanced mechanical, thermal, and electrical 
properties.35,36  Unlike conventional fiber-based composite materials,37 the filler particles 
in nanocomposites do not extend continuously throughout the composite part, limiting their 
mechanical reinforcement potential. However, their small length scale allows for a more 
comprehensive range of fundamental enhancements to the matrix behavior. 
Nanocomposite property improvements are due to the addition of particles with exceptional 
nanoscale properties, a modification of the polymer network properties in the interfacial 
region around the polymer-particle interface, and the creation of new percolation 
structures. In order to achieve these property improvements, intelligent nanocomposite 
design requires a comprehensive approach to the entire synthetic process, including 
consideration of particle synthesis, particle properties and geometry, matrix material 
tuning, particle-solvent and polymer-solvent interactions, mechanical and chemical 
dispersion, and polymer cure conditions.  
The mechanical properties, such as Young’s modulus and ultimate yield strength, 
are modified by the addition of a reinforcement particle. This reinforcement is heavily 
dependent on material and process design considerations, including particle geometry38, 
dispersion,39 and interfacial stress transfer.40 Unlike conventional, fiber-based composites,  
nanocomposites feature a distributed morphology that limits reinforcement potential.37 
However, nanoscale reinforcement allows for synergistic effects on the mechanical 
behavior of fiber-based composites. In particular, nanoparticle-stiffened matrices show 
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increased overall yield strength,41 transverse modulus,41 interlaminar toughness,42 and 
interfacial shear strength43 for fiber-reinforced composites.  
Additionally, the lengthscale of the nanomaterials offers the opportunity to improve 
the composite material properties by the modification of the particle-matrix interface. For 
all particle shapes, the surface area to volume ratio varies inversely with the smallest 
dimension of the reinforcement phase.35 This high interfacial volume allows an increase in 
fracture toughness44,45 by mechanisms including crack bridging,46 crack pinning,47 crack 
deflection,48,49 plastic void growth,49 immobilized polymer layer,50 and particle mobility.51 
In addition to toughness improvement, other matrix properties enhanced by the presence 
of a stiff nanofiller include coefficient of thermal expansion, coefficient of moisture 
expansion, and thermal stability. 
A final mode of nanoparticle property modification is the control of transport 
properties by the formation of percolation and barrier networks. Thermosetting polymers 
are electrical insulators with modest thermal transport coefficients. High-aspect ratio 
inorganic nanoparticles can provide alternative transport pathways by forming a 
percolating network of high conductivity filler particles.52 This network will depend 
heavily on filler geometry and dispersion. Oriented conducting composites can be created 
with aligned fillers, while well-dispersed fillers optimize isotropic conductivity. 
Additionally, plate-like particles can form diffusion barriers, decreasing liquid and vapor 
diffusion rates.53,54  
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Nanoparticle selection 
Nanoscale particles can be synthesized or adapted in a range of geometries with 
varying dimensionality: rod-like (1-D), plate-like (2-D), and particulate (3D). The property 
improvements, network formation, and mechanical reinforcement of these particles are 
heavily dependent on their geometries and aspect ratios. 
Rod-like particles provide efficient stress-transfer, form a percolating network at 
the lowest volume fraction, and can improve toughness by crack-bridge during fracture. 
Common rod-like particles include cellulose nanofibers55,56,57  and carbon nanotubes.58,59  
Cellulose fibers, which have a polymer-miscible interface, are used primarily for 
mechanical reinforcement. Carbon nanotubes offer improved fracture toughness and 
electrical conductivity at extremely low volume fraction (electrical percolation at <0.005 
vf has been demonstrated), and have been commercialized as a filler for thermoset systems. 
For rod-like particles, the problem of dispersion is complicated by entanglement and 
clumping, requiring physical processing in addition to favorable solvent chemistry.  
Plate-like nanoparticles form a percolation network at a relatively low volume 
fraction60 allowing for 2-dimensional stress transfer and forming diffusion barriers. The 
most common commercially applied plate-like nanoparticles are smectite clays,53,54,61 
which offer improved young’s modulus, tensile strength, heat distortion temperature, fire 
ret ardency, barrier resistance, and ion conductivity without dramatically changing other 
critical polymer properties. Since the early 1990s, smectite clay composites found a variety 
of applications as nano-reinforcement in the automotive industry.62  
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Even before the contemporary graphene era, graphite has been an important filler 
material for polymer composites.63   The isolation of graphene in 200464 accelerated the 
pace of graphene/few-layer graphite polymer nanocomposites.65,66,67,68 Graphene 
nanocomposites show some of the property improvements of nanoclay composites, with 
the added benefit of high electrical conductivity. For platelet-type particles, the problem of 
dispersion is preceded by the problem of exfoliation, as these particles are typically at their 
most stable in a laminar structure. Exfoliation of these platelets depends on intercalation 
chemistry and physical exfoliation methods.  
3-dimensional particulates with an aspect ratio of approximately 1 do not form a 
percolating network until packed at a very high volume fractions. As a result, transport 
property modification is minimal, but particulates can be loaded to high volume fraction. 
They can simultaneously improve both stiffness and toughness by arresting crack 
propagation. The most common particulate is silica, 69 which can be efficiently prepared 
with precisely controlled diameters. Critical parameters in silica nanocomposite 
preparation include particle size (average diameter and polydispersity), dispersion, 
interface design, and in-situ polymerization. 
In-situ polymerization and processing considerations 
Effective nanoscale dispersion of individual inorganic particles is important in 
order for a nanocomposite to demonstrate property improvements. Because of this, 
significant nanocomposite research focuses on processing methods, including solvent 
selection and physical dispersion methods. Nanocomposites are usually prepared via in-
situ polymerization. A typical in-situ nanocomposite preparation scheme involves the 
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following steps: (i) chemical pre-treatment of the nanoparticle, (ii) dispersion into a volatile 
solvent70 by physical processing,71 (iii) mixture with the polymer matrix, (iv) removal of 
the volatile solvent, and (v) cure of the final composite. Several design challenges are posed 
in this process: particle suspension, mixing of nanoparticle suspension and polymer, 
solvent removal, particle sedimentation during cure, and particle-polymer interface. The 
ultimate material properties will be affected, not only by the selection of polymer matrix 
and nanoparticle, but also by the processing pathway chosen for polymerization. 
Additionally, for commercial application, manufacturing considerations including 
scaleability, materials cost, volatiles management and energy input must be considered. 
Due to their size, nanoparticles are appropriately thought of as suspended, rather 
than properly dissolved. As such, kinetic effects including mechanical mixing and 
sedimentation affect the final particle distribution. Typical suspension efforts include 
mechanical mixing, by high-frequency ultrasonication, shear milling, and impeller mixing. 
Nanoparticle sedimentation depends on particle geometry, suspension strength, solution 
viscosity, and processing and cure time.  
Solvent removal poses several problems for nanocomposite processing: volatile 
organic content (VOC) outgassing, processing variability, and production complications. 
Depending on the solvents used, VOC outgassing is a hazard to the environment, 
workforce, and end-user. Additionally, residual solvent can dramatically affect the 
properties of the cured polymer, producing network structure defects and contributing to 
processing variability. To combat these issues, containment systems and drying processes 
are put in place, although these complicate the design and extend the processing time for 
the material manufacturing.  
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The interface between the particle and the matrix is an important determinant of 
ultimate material properties. Due to the high SSA of small-diameter particles, the 
interfacial region can become a dominant portion of the matrix volume fraction. The 
discussion of the interface can be further broken into contributing factors: covalent 
bonding, wetting, and particle clumping. A good interface feauturing a high covalent bond 
density with the matrix will maximize mechanical reinforcement, but may interfere with 
the chemistry of the particle, as in the case of oxidized graphene. Stress transfer can still 
occur through a non-covalently bound interface, as long as the wetting is sufficient. If 
wetting is extremely poor, a nanoparticle acts as a void within the material, rather than 
reinforcement. Finally, in cases in which the polymer was poorly dispersed, the 
nanoparticles will clump together to form loose agglomerates with poor internal cohesion 
and a larger size profile.  
Room temperature ionic liquids 
Room temperature ionic liquids (RTIL) are a developing class of salts that are 
molten at room temperature.72,73 While the first occurrence of ionic liquid in literature was 
reported in 1914,74 it wasn’t until the late 1970s that Osteryoung began to publish 
systematic studies of phase behavior and RTIL physical properties75,76 and the first patent 
was issued for RTIL applications as a liquid electrolyte.77 The modern era of designed 
RTILs was started by the 1992 report of Wilkes and Zaworotko78 that first presented an 
RTIL with sufficient environmental stability for industrial processing. Since then, 
significant research and development79,80 has gone to develop a large library of RTILs81 
that have only been partially explored for physical behavior and technology applications. 
Applications for RTILs have been discovered for areas such as chemical processing,72 
19 
 
sensors,82 analytical chemistry,83 solar cells,84 batteries,85 thermal fluids,86 
pharmaceuticals,87 CO2 capture,
88 cellulose processing,89 and ionogels.90 
Two factors allow the design of a salt with a low melting point: asymmetrical, 
irregular molecular shape and large ionic size. Irregular shape prevents crystal packing,91 
and a high ionic-association length decreases the lattice energy.92 Thus, most common 
RTILs are formed by a heterocyclic cation and an inorganic anion.73 Additionally, the 
pairwise nature of these ions results in their miniscule volatility. While vapor pressure has 
been discovered for some RTILs near vacuum,93 the vaporized ion pairs are unstable, and 
at normal operating pressures, RTILs can be considered non-volatile.91 Additionally, the 
ionic character of these liquids gives each RTIL anionic and cationic active sites for 
reaction chemistry, charge stabilization, or catalysis. Figure 1.6 shows a range of common 
ions used in various RTIL processes.  
Besides charge and non-volatility, these liquids have physical properties as diverse 
as their molecular structures, including many that are comparable to conventional solvents. 
Physical, solvent and reaction properties vary dramatically with the structure and selection 
of ions, with an upper estimate on the number of combinations in excess 106.72 While 
RTILs are typically hydrophilic and even hygroscopic, extended aliphatic groups can result 
in miscibility with selected organic solvents.72 Viscosity, solvent parameters, chemical 
reaction kinetics, state of matter, toxicity and air-stability can be varied with ion pair 
selection, and cationic substituent group selection.  
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Figure 1.6: Common RTIL cations (A-H) and anions (I-O). Common cations include 
including sulfonium (B), pyrrolidinium (D), imidazolium (E), ammonium (F), pyridinium 
(G), phosphonium (H), dicyanamide (I), hexafluorophosphate (J), chlorate(K), 
tetrafluoroborate (L), bromine(M), clorine (N), and iodine (O). 
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The concept of RTILs as tunable solvents comes from the combination of molecular 
diversity and intelligently variable properties. Reaction potential is typically governed by 
the ion pair (although active groups can be added at other points). This leaves side groups 
(represented as R in Figure 1.6) that can be substituted to drastically change the physical 
properties, reaction potential, or solvent chemistry of the molecule. 
One motivation for research into RTIL applications is their potentially 
advantageous environmental impact. The practical non-volatility of RTIL solvents 
significantly reduces the incidence of contamination and environmental spread. However, 
RTIL properties vary with ionic structure.94 Current efforts  attempt to systematically 
understand RTIL toxicity and propose new ion pairs which combine low toxicity and 
biodegradability with the physical properties of the designed compound.95 Thus, RTILs 
have the demonstrated potential to reduce toxicity in industrial systems through minimized 
evaporative loss, but significant additional work must be accomplished before such RTIL 
systems can be truly considered green processes.96  
Of particular interest for this study, imidazolium-based room-temperature ionic 
liquids (RTILs) form a class of compounds with tunable reaction and solvent chemistries 
that offer unique opportunities for graphite exfoliation and dispersion. Previous research 
has shown direct exfoliation and dispersion of graphene in such solvents 
electrochemically.97,98,99 Theoretical studies have shown that imidazolium-based RTILs 
interact with graphene, carbon nanotubes, and other sp2-hybrided carbon structures 
through cation-pi stacking,100 interlayer intercalation, and electrostatic shielding.101  
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Recent work by our group102, and others103,104,105 has demonstrated the viability of 
a range of ionic liquids for use in the initiation of polymerization for epoxy resins. In these 
studies, the cation has been found to be the reactant, and the efficacy of both imidazolium-
based,102,103 and phosphonium-based104,105 cations have been demonstrated. Further, our 
group has shown that RTILs chosen for both solvent interactions and thermoset initiation 
can create excellent silica,106 graphite nanoplatelet,106 and carbon nanotube106,107,108 
nanocomposites with increased processing efficiency.  
Figure 1.7 depicts the primary mechanism of EMIM-DCN initiation of an epoxy. 
In this reaction, a carbene is formed on the imidazolium ring, with the charge stabilized by 
the dicyanamide anion (the structure of which remains intact throughout the reaction). This 
carbene initiates the anionic opening of the epoxide ring, creating an anionic adduct 
structure that can continue the reaction. This adduct initiates the first chain extension step, 
with the chain reacting with other monomers and chains. Additionally, other RTILs were 
demonstrated to effectively initiate epoxy polymerization, including 1-butyl-3-
methylimidazolium dicyanamide, 1-(2-hydroxyl) ethyl-3-methylimidazolium dicyanamide 
and 1-(3-cyano) propyl-3-methylimidazolium dicyanamide. The success of these reactions 
and the failure of the same cations with other anions reveal the importance of the 
dicyanamide anion for charge stabilization as well as the design flexibility at the 3-position 
of the imidazolium ring. This design flexibility means that the imidazolium dicyanamide 
structure is a platform on which a family of related initiators can be tuned for solvent or 
physical properties to perform the same reaction. 
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The primary polymer used in this study is a 15% RTIL/85% EPON 828 mixture 
(by weight). This polymer has a Tg of 83°C, and a flexural modulus of  2.9 GPa, as depicted 
in Figure 1.8.  
The epoxy-RTIL solutions are practically inert at room temperature, with a pot life 
on the order of months after mixing. A typical cure procedure is 12h at 80°C, followed by 
2 h at 120°C. Figure 1.8 shows overlaid FTIR spectra of the reactants and the cured 
polymer product of this reaction. Significantly, the epoxy peak at 912 cm-1 disappears 
completely, indicating complete conversion of epoxides. The performance of RTIL-cured 
epoxide materials depends on the ratio of RTIL to epoxy. In general, increasing RTIL 
content will decrease the cross lining density, leading to a decrease in glass transition 
temperature (Tg). However, both modulus and fracture toughness increase with higher 
RTIL content.  
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Figure 1.7: Anionic chain polymerization of PGE by EMIM-DCN 
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Figure 1.8: Single-cantilever DMA of 15% EMIM-DCN in Epon 828 system, showing 
modulus and glass transition temperature for the cured RTIL initiated DGEBA. 
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Figure 1.9: FTIR of the cured and uncured RTIL/DGEBA system.  Many peaks from both 
EMIM-DCN (▬) and EPON 828 (▬) show up in the cured material (▬), in addition to 
new peaks that represent the new bonds formed. Significantly, the epoxide peak at 912 
cm-1 disappears completely in the cured material. 
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1.3 Overview  
Chapter 1 explores the chemistries of epoxies, cyanate esters, RTILs, and relevant 
nanoparticles. This sets up a variety of technical problems that can be addressed by smart 
solvent/reaction chemistry, such as an intelligently designed, tailorable ionic liquid system.  
The problems of nanoparticle dispersion and processing are taken up in chapter 2. 
Using EMIM-DCN as an initiator-dispersant creates effective nanocomposites with 
resulting processing benefits. Process details on the successful synthesis of silica and 
graphite nanoplatelet  
composites are shown. A full discussion of our approach to determining good graphene 
solvents is included. Hybrid nanocomposites – multiphase composite systems with more 
than one dispersed particle are also developed. Finally, the success and failure of 
mechanical reinforcement of these materials is discussed. 
Chapter 3 quantifies the physics of graphite exfoliation, with application to the 
creation of graphene nanocomposites. The physical system presented uses laminar flow 
mixing for exfoliation, and the initiator-dispersant system developed in Chapter 2 for 
suspension and dispersion. A full physical exfoliation model is developed, taking into 
account graphite stacking, interlayer shear stress, and thickness compared to the 
measurable variables of the laboratory experiment.  
Chapter 4 examines the mechanism and kinetics of the cure of cyanate esters by 
dicyanamide-containing RTILs. The effect of anion and cation variation is discussed. This 
chapter also expands on the work presented in the other chapters, identifying the effect of 
RTIL cure and dispersed, exfoliated graphite nanoparticle presence on the problem of 
cyanate ester water uptake, diffusion, and cure. 
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Finally, Chapter 5 summarizes the conclusions of this work. In addition to the direct 
conclusions of the experimental work presented in this study, Chapter 5 lists specific future 
work for immediate extension of this work, as well as a variety of design optimization 
challenges based on the science developed in this study.  
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Chapter 2: RTIL Dispersion and Cure 
 
 
 
Abstract: 
Nanocomposites of silica, carbon nanotubes, and graphite nanoplatelets in an epoxy 
matrix were prepared using a novel single-step RTIL preparation strategy. Silica 
nanocomposites showed improved fracture toughness and modulus, graphite nanoplatelets 
composites showed electrical percolation at 1.7x10-2 volume fraction. These results were 
compared with literature results for nanocomposites made with volatile solvents, 
demonstrating the viability of the RTIL nanocomposite preparation strategy. 
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2.1. Introduction 
2.1.1. Overview 
Nanocomposites have attracted significant research attention in recent years. They 
promise to open new areas of applications for thermosets and thermoplastics with 
potentially facile processing and enhanced mechanical and electrical properties.1 Epoxies 
are an important class of thermosetting polymers that can gain functionality by 
modification with nanoparticles. Epoxies are widely used in structural composite 
applications, as adhesives and coatings, and as encapsulants for electronics in a wide array 
of industries. They are considered high performance thermosetting polymer matrices and 
generally possess high modulus, low creep, good adhesion to many substrate materials, and 
chemical and corrosion resistance.  However they are brittle, with a poor resistance to crack 
propagation.  Inorganic nanoparticles have been shown to enhance the inherent properties 
of epoxy systems. Specifically, silica nanosphere composites2 show improved modulus and 
fracture toughness and graphite nanoplatelet (GNP) composites3,4,5,6 provide increases in 
modulus and electrical conductivity with a decrease in vapor permeation relative to an 
unmodified epoxy matrix.   
2.1.2. In-situ nanocomposites synthesis 
Effective nanoscale dispersion of individual inorganic particles is important in 
order for a nanocomposite to obtain property improvements. Because of this, significant 
nanocomposite research focuses on processing methods, including solvent selection and 
physical dispersion methods. A typical in-situ nanocomposite preparation scheme involves 
the following steps: (i) chemical pre-treatment of the nanoparticle, (ii) dispersion into a 
volatile solvent7 by physical processing,8 (iii) mixture with the polymer matrix, (iv) 
removal of the volatile solvent, and (v) cure of the final composite. Silica and GNP 
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nanocomposites are made in this way using a variety of modifying agents, solvent 
chemistries, and mechanical dispersion methods.   
For the preparation of silica nanocomposites, nanoparticles are typically covalently 
modified with an organosilane coupling agent, and subsequently dispersed in a solvent 
such as acetone,9,10  isopropanol,11   methyl ethyl ketone (MEK),12,13 or methyl isobutyl 
ketone (MIBK),14,15 using sonication,9,10 or elevated temperature mixing.9,11,16  A 
commercially available approach uses silica nanoparticles suspended directly in epoxy via 
organosilane surface modification, with both dispersion and solvent removal accomplished 
by proprietary processes.17,18,19,20,21,22   
In the preparation of graphite-based nanocomposites there are two primary 
methods23,24 for chemical exfoliation of graphite sheets:  the reduction of graphite oxide 
(rGO), which produces single-layer, chemically altered, graphene sheets; and acid 
intercalation, which produces few-layer stacks of still-pristine expanded graphite (EG). 
These chemically modified nanosheets are then dispersed via a combination of miscible 
solvent and physical processing methods. For the preparation of epoxy nanocomposites, 
expanded graphite has been dispersed in cyclohexane,25 acetone,26,27,28,29 other solvent, 30 
and directly into the resin.,31   
2.1.3. RTIL solvent-initiator 
An alternative to both covalent modification and volatile solvent dispersion is the 
use of room temperature ionic liquids (RTILs).32 Already used as green solvents  for 
organic synthesis,33 RTILs are organic ion pairs with negligible vapor pressure, relatively 
low viscosity, high ionic conductivity, and tunable physicochemical properties.34 
Additionally, some RTILs have shown promise as a solvent for non-covalently modified 
graphite and carbon nanotube systems.  Researchers have used an imidazolium-based ionic 
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liquid to electrochemically exfoliate graphene directly from graphite,35,36,37 and to create 
an ionic-liquid/carbon nanotube gel with well-distributed nanotubes.38,39 Theoretical and 
spectroscopic studies have suggested cation-pi40 stacking and electrostatic shielding 
between graphitic particles by the RTIL solvent41 as reasons for the favorable interactions. 
In addition to its properties as a solvent, a particular class ionic liquids that includes 
1-ethyl-3-methyl imidazolium dicyanamide (EMIM-DCN) has been shown by our group42 
and others43 to act as a latent curing agent for epoxies, demonstrating excellent liquid 
miscibility, long-term room temperature stability, and a highly cross-linked structure with 
good thermomechanical properties of the cast material. 
We present an in-situ nanocomposite preparation method that takes advantages of 
both the favorable nanoparticles interactions and thermoset cure capability of EMIM-DCN 
so that the entire nanocomposite synthesis process can be accomplished by a single mixing 
step requiring no energy-intensive evaporation or other separation process. The advantages 
are shown schematically in Figure 2.1. in which the new processing method is compared 
to a typical volatile-solvent based scheme. The elimination of the solvent removal step not 
only simplifies processing, but also removes a processing variable that could provide non-
uniformity in the final product.44 Additionally, minimizing volatile waste makes the 
process environmentally friendlier, both during production and over the lifetime of the 
epoxy composite.  
Thus, we demonstrate the use of this streamlined method enabled by EMIM-DCN 
for the synthesis of diglycidyl ether of bisphenol A (DGEBA) nanocomposites that have 
excellent properties when prepared using silica nanoparticles and GNPs. 
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Figure 2.1: A process schematic comparing in-situ polymerization following a volatile 
solvent nanoparticle processing with RTIL-enabled dispersion and cure of epoxy 
nanocomposites.  
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2.2. Results Overview 
Results are presented here for nanocomposites made with silica, graphite 
nanoplatelets, and a hybrid nanocomposites containing both nanosilica and GNPs. All 
particles were dispersed into a standard formulation of EMIM-DCN (15wt%) and Epon 
828 (85wt%). Results are reported for processing methods, particle dispersion, and 
properties. Additionally, results are explained in terms of existing theory. 
Silica nanoparticle composites were prepared using mechanical grinding in a 
mortar and pestle and subsequent bath sonication. During this process, a covalent linker 
was incorporated, creating a covalent interface between the silica surface and the polymer. 
For GNP composites, a variety of processing methods were attempted, including low-shear 
mixing, grinding, high frequency probe sonication, and laminar shear milling. Of these, 
laminar shear milling was selected for further characterization across a range of GNP 
concentrations. 
For Silica, single-particle dispersion was verified by DLS and SEM of the final 
cured composite. Silica nanocomposites showed improved modulus and fracture toughness 
relative to the unmodified polymer. For GNP nanocomposites, XRD indicated the 
reduction in thickness of the GNP particles, while SEM served as the primary means to 
assess spatial dispersion and the state of embedded particles. GNP composites showed 
improved modulus and electrical conductivity. Hybrid composites, containing both silica 
and GNP nano-reinforcement show substantially improved modulus relative to 
corresponding single-particle systems. 
As a control for GNP composites, samples were prepared with a solvent-free 
dispersion, in which the GNP particles were processed directly in the epoxy, with a non-
solvent curing agent subsequently added. This composite showed inferior electrical 
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properties, and SEM images showed a poor spatial dispersion. In related experiments, 
hybrid composite materials containing both silica and GNP fillers were prepared. These 
materials showed a synergistic effect for stiffness reinforcement that would have been 
impossible for either particle alone to achieve.   
2.3. Silica Nanocomposites 
2.3.1. Coupling agent chemistry 
Recent research on silica nanocomposites includes fumed silica dispersed into 
acetone9 and commercially available silica  pre-dispersions in isopropanol11,  MEK12,13, 
and epoxy.17,18,19-20  While the specifics of commercial dispersions are proprietary, general 
information supplied by the manufacturers and post analysis by thermogravimetric 
analysis, Fourier transform infrared spectroscopy, and nuclear magnetic resonance have 
shown that all of these silica particles are surface treated using organic linking agents.13 
The internal structure of SiO2 is an amorphous silicon-oxygen network. Active 
hydroxyls on the particle surface form attachement points for covalent interactions. Thus, 
the interface between silica and epoxy is typically mediated by an organic linking agent 
that forms covalent bonds with both the epoxy matrix and the silica particle. In this study, 
(3-glycidoxypropyl)trimethoxysilane (GPTMSi) was used to form this covalent interface. 
Figure 2.2 shows the reaction between the silica surface and GPTMSi, along with the 
evolution of methanol as a reaction side product. Following this reaction, the free end now 
contains an epoxy group which can interact directly with the bulk matrix. 
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Figure 2.2: Silane-epoxy coupling agent reaction with silica surface. Both the new Si 
bond as well as the evolved methanol can be observed spectroscopically. This provides a 
covalent link between the nanoparticle surface and the epoxy matrix. 
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For composite synthesis, GPTMSi was added at 5% of the silica weight. This 
number was chosen to be equivalent to twice the theoretical bonding density on the surface 
of the silica particles.  
2.3.2. Dispersion 
Dynamic light scattering (DLS) analysis of silica agglomeration breakdown is 
shown in Figure 2.3. After mortar and pestle grinding of silica into an EMIM-
DCN/GPTMSi solution, visible agglomerations remained. This dissipated after the first 
hour of sonication, and subsequent samples were optically transparent. After the first DLS 
observation at 1 hour, both the average particle size and the associated variance of particle 
size were observed to decrease with increasing sonication time, to a final diameter of ~75 
nm. Additionally, the variance in measurement becomes small after long sonication 
processing, indicating that true, single-particle dispersion was achieved. This is supported 
by observation of SEM of fracture surfaces of the cured composite, shown in Figure 2.4, 
where the relatively uniform particle spacing is particularly evident at high resolution 
(Figure 2.4 C-D) 
2.3.3. Composite Properties 
Composite material measurements of fracture toughness (Figure 2.5) and flexural 
modulus (Figure 2.6) are determined. Ionic-liquid dispersed silica show a simultaneous 
increase comparison of property values, which suggest that this processing technique is 
competitive with other dispersion methods.  
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Figure 2.3: For silica particles in EMIM-DCN, the particle size decreased steadily upon 
sonication, up to four hours. Additionally, the variance in particle size decreased, likely as 
a result of the homogenization of the aggregation state of silica particles into individual 
particle-solvent-linking agent systems. 
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Figure 2.4: 3% Silica nanocomposite SEM. Silica nanoparticles show a uniform, regularly 
spaced dispersion with a slight pull-out of individual particle/coupling agent sites at the 
fracture surface. 
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Figure 2.5: Fracture toughness of silica nanocomposites showed improvements relative to 
the unmodified material, and consistency with results obtained using other synthesis 
methods. 
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Figure 2.6: Modulus data for silica nanocomposites, showing monotonic improvement with 
filler loading.11,12,13,17,18  
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2.4. Graphite nanoplatelet composites 
A variety of acid expanded graphite nanoplatelets (GNPs) were chosen for 
composite preparation. First, GNP/RTIL/epoxy composites were prepared using a variety 
of kinetic dispersion methods – manual grinding, sonication, and 3-roll milling. After 
comparing processing methods, composite samples were prepared by 3-roll mill processing 
for compositions ranging from 1-11% GNPs by weight. For the cured composite samples, 
dispersion was assessed by XRD and SEM. Composite samples showed improved modulus 
and conductivity relative to the neat polymer. As a control, GNPs were dispersed directly 
in epoxy without solvent, validating the need for an effective dispersion solvent in 
nanocomposite preparation. Additionally, hybrid silica-GNP nanocomposites were 
prepared. Finally, mechanical models are proposed to explain the experimental modulus 
improvements in terms of experimentally observed dispersions. 
2.4.1. Graphite Nanoplatelets by Intercalant Expansion 
The graphite nanoplatelets used in this study are prepared using a proprietary 
process of intercalation, expansion, and milling by XG Sciences. Graphite intercalation 
compounds embed themselves into graphite crystals at regular layer spacings. The rapid 
heating of these intercalated graphites vaporizes the intercalant compounds, expanding the 
graphite at intercalation sites. Subsequent milling can produce nanoplatelets of consistent 
diameter and thickness.  
The number of layers between intercalant is determined by the intercalant 
compound, and in this way the experimentalists has control over the thickness of graphite 
lamella, and, after processing, platelet thickness. The diameter of the platelets can be 
controlled by milling parameters, and refined through sieve separation. The three platelets 
used in this study are prepared by proprietary techniques by XG sciences, and are given an 
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alphanumeric name corresponding to their processing history and nominal size. M and H 
refer to chemical intercalants used, and by extension, platelet thickness. The number in the 
name refers to the nominal particle diameter, in microns.  In this study, three varieties of 
GNPs are used – M5 (7nm×5μm), H5, (14nm×5μm) and H25(14nm×25μm).   
Figure 2.7 shows the structure of these platelets as received. In the dry state, the 
GNPs clump to form larger agglomerate structures with loose association between the 
platelets. Graphite has high affinity for re-stacking, even when perfect alignment is not 
possible. The challenge of GNP exfoliation is to break apart the platelets from the clusters 
and prevent reagglomeration. Exfoliating the platelets beyond their nominal size is not 
required.  
2.4.2. Processing method selection 
In order to choose a processing method, H5 GNP suspensions were treated using a 
selection of physical mixing and dispersion methods. For the first three conditions, GNPs 
were mixed with EMIM-DCN using a variety of processing methods, and subsequently 
mixed with EPON 828 using 1 hour of bath sonication. In the first case, GNP flakes were 
added to the solution and manually stirred for five minutes. This serves as the minimal-
shear control. For the second case, GNP in a mortar was ground with a pestle while EMIM-
DCN was added dropwise over the course of an hour. A third suspension was sonicated for 
one hour using a probe sonicator. A fourth sample was created as a suspension of GNPs, 
EMIM-DCN, and Epon 828 was processed through a 3-roll mill 10 times at a 50μm roll 
gap.  
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Figure 2.7: M5(A,B), H5(C,D), and H25(E,F) GNPs as received. Nominally, each are 
discrete plates with dimensions 7nm x5μm (M5), 15 nm x 5μm (H5), and 15 nm x 25μm 
(H25). Microscopy of the platelets reveals them in the dry state in agglomerated stacks and 
clumps. 
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In Figure 2.8, SEM imaging shows a marked difference between the dispersion 
states of graphite in the composites processed via the four processing conditions. Samples 
processed with low-shear manual mixing (A-C) demonstrate poor dispersion, large sheet 
stacks, and regions of epoxy with no dispersed graphite. Ground samples (D-F) feature 
better spatial distribution than the mixed samples, indicating that some work was done by 
the grinding process. Otherwise, similar large agglomeration states for the GNPs are 
observed for both stirred and ground processing. Significantly better dispersion is seen in 
sonicated samples (G-I). Here, GNPs are spatially distributed throughout the material, large 
agglomerations are not seen, and visible graphite particles are thin. However, the lateral 
area of the sheets is very small, indicating that sheet scission competed with dispersion for 
this processing. For the 3-roll milled suspension (J-L), GNPs are dispersed throughout the 
material. However, in contrast to the sonicated samples, individual flakes with the nominal 
initial diameter are observed (L).     
These SEM dispersion observations are confirmed by modulus data. Figure 2.9 
shows modulus results for mixed, sonicated, and milled samples. The low shear-mixing 
protocol yielded imperceptible modulus modification. In contrast, sonicated and milled 
samples that showed excellent particle dispersion showed a notable increase in modulus, 
with the high-aspect ratio GNP composites outperforming sonicated samples. Following 
this test, research efforts focused primarily on the development of 3-roll milling as a 
processing strategy.  
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Figure 2.8: SEM processing comparison of 3wt% H5 GNPS. GNPs processed through 
mechanical mixing (A-C), mortar-and-pestle grinding (D-F), sonication (G-I), and 3-roll 
milling (J-L). Mixed and ground samples show multiple-platelet agglomeration in contrast 
to sonication and 3-roll milling, which show good distribution and thin plate 
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Figure 2.9: Modulus of 3% H5 graphite-epoxy nanocomposites versus processing methods. 
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2.4.3. Dispersion 
Figure 2.10 shows graphite nanoplatelet/epoxy composites at various 
magnifications and graphite concentrations, processed by 10 passes through a 3-roll mill 
with a 50μm roller gap. Due to the high aspect ratio of the platelets, the fracture patterns 
appear significantly altered from that of the neat epoxy.  With increasing magnification, an 
intimate interface between the polymer and graphitic surface is apparent.  
Figure 2.11 shows x-ray diffraction intensities of the cured composite material 
containing 1% graphite flakes, dispersed with RTIL via 3-roll milling. On the side of the 
broad amorphous polymer peak, the 002 graphite peak appears distinctly at 26.60˚, 
corresponding to a calculated 3.35Å layer spacing. The scattering angle remains constant 
as the intensity decreases with additional shear milling, demonstrating that in addition to 
effective dispersion of graphite nanoplatelets, the platelets are dispersing into smaller 
stacks or individual graphene sheets without passing through intermediate graphite state 
with increased interlayer spacing. This indicates that in addition to dispersion, partial 
exfoliation is caused by shear mill processing – a phenomenon that will be explored further 
in section 2.6 and Chapter 3. 
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Figure 2.10: SEM Images of fracture surfaces of H25 GNP/RTIL/Epon 828 composites at 
3% (A-D), 5% (E-H), 7% (I-L), and 11% (M-P) GNP loading. At low magnification, the 
composites show a uniform spatial distribution (A,E,I, and M). At higher magnification, 
thin platelet thicknesses are observed for all samples. Additionally, observed platelet 
widths vary from <5μm to 25μm.    
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Figure 2.11: X-ray diffraction of a composite containing 1% H25 graphite nanoplatelets 
treated with RTIL/epoxy and 3-roll milling, showing a decrease in the 002 graphite peak 
(2Θ=26.6˚, corresponding to a d-spacing of 3.35Å, by Bragg’s Law) with increased 
processing – 1(▬),2(▬),4(▬),8(▬), and 19(▬) passes through a 50 micron-gap 3 roll 
mill, indicating a reduction in average graphene layers per stack without a change in 
interlayer spacing.  
 
 
 
2.4.4. Materials Properties 
Figure 2.12 shows the modulus improvement relative to the unmodified matrix of 
RTIL-dispersed GNP-epoxy nanocomposites. RTIL-dispersed GNPs reinforce the matrix 
with a monotonic relationship between filler loading and modulus increase. Comparative 
experimental data for relative modulus increase obtained by other researchers for expanded 
graphite-epoxy nanocomposites is also shown in Figure 2.12. These composites were made 
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with cyclohexane25 and acetone.26,27,28,29 The composites followed the same general trend. 
The differences highlight the importance of solvent and processing, with the most 
mechanically improved composite27 using a combination of sonication in acetone followed 
by shear mill compounding. RTIL-dispersed GNP composites are comparable to those 
synthesized with volatile solvent.  
Figure 2.13 shows DC electrical conductivity, determined from bulk resistivity of 
the cured composite. The percolation threshold is determined to be between 0.017 volume 
fraction (σ=1.1x10-6 S/m) and 0.014 volume fraction (connected via dashed line due to 
resistance measurement imprecision, σ <1x10-8 S/m). Following previous work on 
modeling the percolation threshold of platelets45, we use a geometry based model that 
predicts the formation of a percolating network of flat disks above a threshold of:  
𝑓𝜙𝑐 =
27𝜋
4𝛼
  1 
(Where 𝜶 is the aspect ratio of the platelet). Using the values for XG Sciences H25 
Nanoplatelets (14-nm x 25µm, 𝜶≈1,800) the onset of percolation threshold is predicted to 
occur at 0.012 volume fraction, slightly below our experimental value.   
Results from other groups are also shown in Figure 7b. Of particular note is the 
work of Fukushima et al.46 who use the same expanded graphite as this study to achieve a 
similar percolation threshold but higher conductivity values. An exceptionally low 
percolation threshold is reported by Li et al.26 which is consistent with the high aspect ratio 
(3nm x 46µm, 𝜶≈15,000) of the expanded graphite platelets from their acid 
expansion/sonication/shear mixing process. 
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Figure 2.12: Modulus improvement H25 GNP Composite  
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Figure 2.13: DC conductivity of RTIL-dispersed GNP-epoxy composites compared with 
volatile-solvent dispersed GNP-epoxy nanocomposites26, 25,28, 27, 47,46, 48   
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2.4.5. Solvent-free nanoparticle dispersion  
Figure 2.14 show the contrast between EMIM-DCN dispersed and solvent-free 
graphite nanoplatelet (GNP) nanocomposites. 3 wt% (1.7x10-2 vf) GNP nanocomposites 
were prepared, one dispersed in EMIM-DCN, the other directly milled into the epoxy 
matrix, with 4,4'-diaminodicyclohexylmethane (PACM) curing agent subseqeuently added 
for cure. For an EMIM-DCN dispersion, the nanoplatelets were added to the EMIM-
DCN/DGEBA solution, passed 10x through the 3-roll mill at 50 μm, degassed under 
vacuum, and cured at 80°C for 12hours, and post-cured at 120°C for 2 h (Figure 2.14a). 
For DGEBA dispersion, GNPs are added to DGEBA without solvent, and that mixture is 
passed through the 3-roll mill for the same 10 passes at 20 μm, mixed with PACM, mixed 
in a Thinky rotational mixer for 10 minutes at 2000 RPM. These samples were cured at 
80°C for 2 hours, and post-cured at 165°C for 2 hours. (Figure 2.14b) 
At this loading, the composites should be just above the percolation threshold. The 
EMIM-DCN dispersed nanocomposites shows GNP flakes scattered across the entire 
fracture surface, while The DGEBA dispersed nanocomposite shows a small number of 
stacked particles separated by large regions of uninterrupted epoxy. This difference in 
dispersion is confirmed by DC electrical conductivity (1.1x10-6 S/m for the 3% EMIM-
DCN dispersed nanocomposite, versus <10-8 S/m for the 1% DGEBA dispersed 
composite). These data show that the effect of the EMIM-DCN solvent-initator results in 
a superior dispersion relative to a solvent-free process, given the same physical processing, 
emphasizing the importance of a dispersion solvent in addition to physical processing. 
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Figure 2.14: Composite fracture surfaces of 3% H25 GNPs dispersed in RTIL/Epoxy (left) 
via 3-roll milling, and directly milled into the epoxy matrix with PACM subsequently added 
to cure. 
  
64 
 
2.5. Hybrid Nanocomposites 
A hybrid composite was created using both silica and H25 GNPs. This was 
accomplished using a sequential dispersion technique. A Silica/DGEBA sol (40% silica by 
weight) was purchased commercially. This was then mixed with EMIM-DCN and H25 
GNPs, passed through the 3-roll mill 10 times at a 50μm gap, degassed, and cured. Five 
composite samples were created – two hybrid composites and 3 controls made with a single 
nanofiller. These formulations were designed for equivalent nanofiller content by volume.  
Figure 2.15 shows the fracture surfaces of 22 vol% silica/4 vol% H25 GNP 
composite. Good dispersions are observed for both silica and GNPs. At lower resolution 
(Figure 2.15A and B), large surface area GNP flakes are distributed uniformly throughout 
the surface. At higher magnification (Figure 2.15 C and D), the smaller silica particles are 
also observed. 
Flexural modulus results are detailed in Table 2.1. Modulus increased for all filler 
types. The reinforcement effect of each particle was enhanced in formulations containing 
the both particles. Figure 2.16 shows the magnitudes of the modulus enhancements, relative 
to the neat epoxy. 
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Figure 2.15: Hybrid 22 vol% silica/4 vol% H25 GNP nanocomposite fracture surfaces at 
varying levels of magnification. At lower zoom, the frustrated fracture surface is dominated 
by partially exfoliated graphite flakes. At higher magnification, the densely-packed silica 
spheres are visible. Compared with earlier silica results, smaller particles and a higher 
particle density result in a visually different aspect for the silica particles. The hybrid 
composite shows a 150% increase in modulus over the neat epoxy, significantly more than 
the sum of the improvement from the two single-filler composites. 
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Table 2.1: Modulus (GPa) of nanocomposites created with Silica and H25 GNPs 
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Figure 2.16: Effective nanoparticle enhancement for single particle composites and hybrid 
multiscale composites, showing a synergistic reinforcement effect of using both particles 
in the same formulation  
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In order to explain this, upper and lower bound rules of mixing are calculated. An 
upper bound for composite modulus can be estimated by assuming perfect stress transfer 
between the matrix and the filler. This predicts composite modulus (E12)  to be the linear 
combination (with respect to filler volume fraction (v1) of the filler modulus (E1) and the 
matrix modulus (E2). 
𝐸12 = 𝑣1𝐸1 + (1 − 𝑣1)𝐸2  2 
Similarly, assuming perfect strain transfer produces a lower bound for the modulus of the 
hybrid composites: 
1
𝐸12
=
𝑣1
𝐸1
+
(1−𝑣1)
𝐸2
  3 
One way to conceptualize reinforcement within the hybrid composite is to model 
the single-filler composite as the matrix for the high-aspect ratio filler. Figure 2.17 shows 
the experimental modulus values from Table 2.1 as well as the upper and lower bound rules 
of mixing for GNPs within an epoxy matrix compared to GNPs within a silica-epoxy 
composite matrix. The rules of mixing bounds are calculated by Equations 2 and 3, based 
on the modulus values of the epoxy matrix (2.9 GPa) and the silica-epoxy composite matrix 
(4.5 GPa).  
Per Figure 2.17, the hybrid composite modulus values show a greater modulus 
improvement over the lower bound than that shown by the single-filler GNP composite. 
This indicates that the matrix stiffening alone is insufficient to explain the full magnitude 
of the mechanical reinforcement in the hybrid composite. Thus, it can be concluded that in 
addition to the effect of a stiffer pseudo-matrix, internal stress transfer between the  
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Figure 2.17 – Modulus versus loading for GNP nanocomposites (●) and GNP-Silica 
hybrid nanocomposites (■). Also plotted are upper (▬  ▬) and lower (▬▬) bound rules 
of mixing of GNPs in a 22 vol% silica/DGEBA/EMIM-DCN matrix, and upper (▬ ▬) 
and lower (▬▬) bound rules of mixing of GNPs in an EPON 828 matrix. 
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GNP filler and the silica-epoxy matrix is superior to that of the stress transfer between 
GNP filler and the epoxy matrix.  
This stress transfer improvement is due to the co-percolation phenomena of the two 
nanoparticles. Spherical particles are expected to form a percolation network only at high 
volumetric loading (>33%, depending on assumptions about packing and interface), 
whereas high-aspect ratio platelets can form percolating networks at significantly lower 
volume fractions (Equation 1). As determined earlier, H25 GNPs with an aspect ratio of 
1,800 are expected to percolate at a volumetric loading of 1.3%. For the synthesis ratios 
tested here, both 22vol% silica and 0.5vol% GNPs are loaded below their individual 
percolation thresholds.  
Taken together, however, these particles are able to form an effective co-
percolating stress-transfer network. In this network, regions of uninterrupted polymer 
continuity are small, and stress is more effectively transferred to the filler particles and 
flakes. This network combines the effects of its two filler components – high aspect ratio 
GNPs bear stress at longer distances, while high-SSA/high loading silica particles 
effectively fill the polymer volume, minimizing stress transfer pathways through the soft 
matrix. 
The mechanical reinforcing effect of these hybrid composites would be impossible 
to achieve with a single-filler composite. With small dimensions in all directions, silica 
nanoparticles cannot provide long-range stress transfer. As a practical processing 
consideration, high GNP loading becomes impossible due to the viscosity increase of the 
suspended platelets.  
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These hybrid composite results have obvious implications for composite design, 
both for multi-filler nanocomposites as well as for applications of nanocomposites to 
conventional, composites. Significantly, an enabling technology for such co-filler 
composites is a solvent that can accommodate both fillers, providing another application 
for tunable ionic liquid solvent-initiator systems. 
2.6. Beyond dispersion 
The data presented above established that 3-roll mill processing for GNP 
composites produces effective dispersion, while also producing partial exfoliation of 
GNPs.  The dispersion of GNP throughout composites was determined both through the 
establishment of an electrical percolation network (Figure 2.13) and visual confirmation as 
assessed through SEM (Figure 2.10). For H25 GNPs, the electrical percolation threshold 
an indicator of aspect ratio, was 1.7% by volume, corresponding to an aspect ratio of 1250 
by Equation 1, slightly below the aspect ratio of 1700 for the pristine 15 nm x 25μm 
particle. High resolution SEM indicates that many sheets (Figure 2.10) had a lateral area 
significantly smaller than the nominal 25μm diameter. Thus, in order to maintain the high 
aspect ratio of suspended particles, exfoliation occurred in addition to dispersion of the 
pristine flakes. Further, XRD results (Figure 2.11) show a decrease in pristine interlayer 
stacking, suggesting that in addition to dispersion, partial exfoliation was also occurring.  
In order to test the efficacy of the RTIL solvent/laminar shear processing system, 3% +100 
mesh flake graphite (nominal size 20-50μm ×300-600μm) was mixed into 15% EMIM-
DCN/85% Epon 828. This suspension was then processed 10 times through the three roll 
mill at a 50μm gap. Figure 2.18 shows a partially exfoliated graphite flake, with 80-120 
nm platelets.  Thus, it was demonstrated that laminar shear processing induces partial 
71 
 
exfoliation on graphite at two length scales – 20μm flakes exfoliated to 120 nm and 15 nm 
flakes partially exfoliated beyond their nominal thickness. This suggests that a processing 
method could be designed which would completely exfoliate thick graphite to sub-15 nm 
thickness using laminar shear and no chemical treatment. This design challenge leads to 
the methods described in Chapter 3. 
 
 
 
 
 
Figure 2.18 – False-color image of the fracture surface of a flake graphite nanocomposite, 
processed via 3-roll mill (3% in an Epon 828/EMIM–DCN suspension).  
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2.7. Conclusions and implications 
This study demonstrates that ionic liquid-enabled single-phase dispersion and cure 
with desirable solvent interactions and no volatile solvent removal is a viable process for 
the fabrication of epoxy nanocomposites with particles of varying surface chemistries and 
morphologies. For silica, de-agglomeration and decreased particle size were demonstrated. 
The silica nanocomposites showed improved fracture toughness and modulus relative to 
the unmodified epoxy, and comparable with volatile-solvent dispersed silica systems 
presented in literature. GNPs were effectively dispersed, becoming electrically conductive 
at low loadings (1.7x10-2 volume fraction), slightly above that predicted by theoretical 
models of plate-like particle percolation. Moreover, the graphite nanoplatelet composites 
exhibited monotonically increasing modulus and conductivity with filler loading. Hybrid 
nanocomposites made with silica nanoparticles and GNPs showed synergistic 
reinforcement effect, creating an epoxy material with a modulus of 7.3 GPa for a 22 vol% 
silica/4vol% GNP composite. Finally, flake graphite composite results suggests that roll 
mill processing, in addition to a dispersion effect, can exfoliate thicker graphite samples 
and suggests the laminar shear exfoliation method explored in Chapter 3 of this thesis.   
2.8. Materials and Methods 
2.8.1. Materials 
EMIM-DCN (EMD Sciences #4.90163), (3-glycidoxypropyl)trimethoxysilane 
(GPTMSi, Sigma Aldrich #440167), DGEBA (Miller-Stephenson EPON 828, EEW 188 
g/eq), graphite nanoplatelets (XG Sciences H25), and 4,4'-diaminodicyclohexylmethane 
(PACM curing agent, Air Products, CAS# 1761-71-3) were used as recieved. Silicon 
dioxide nanopowder, 5-15 nm particle size (Sigma Aldrich Product #637246) was dried in 
air at 120˚C for 24h.  
73 
 
 
2.8.2. Silica Particles and Composite Preparation 
For silica nanocomposites, GPTMSi (5% of silica mass) was added to EMIM-DCN 
(17.6 phr relative to epoxy), mixed in a Cole-Parmer 8870 bath sonicator for 30 minutes. 
This solution was added dropwise into silica nanoparticles (1-3% relative to solution) in a 
mortar over a period of one hour and manually ground together with a pestle during the 
addition.  After mixing, the solution was sonicated in a Cole-Parmer 8870 bath sonicator 
for 1 hour. EPON 828 was added to the solution, mixed for 30 minutes in a Thinky 
rotational mixer, and sonicated in a Cole-Parmer 8870 bath sonicator for an additional 3 
hours. This solution was cured at 105˚C overnight, with a 2 hour post cure at 120˚C.42 In 
addition to the polymer cure reaction, the GPTMSi linking agent covalently bonded both 
to the surface of the silica and into the polymer matrix.  
2.8.3. Processing method comparison 
For GNP composites, a variety of mixing methods were attempted to determine the 
appropriate processing method. These experiments were undertaken with H5 GNPs. Four 
processing conditions were tested. For a control, GNPs were mixed into EMIM-DCN with 
a glass stirring rod. For the second processing condition, GNPs were placed in a mortar. 
EMIM-DCN was added dropwise and ground with a pestle. The third condition was created 
as GNPs were sonicated using a Heilschier probe sonicator for 60 minutes in an ice bath. 
These first three samples were subsequently mixed with Epoxy, and treated in a bath 
sonicator for 1 hour. A fourth sample was prepared by passing the GNP/EMIM-
DCN/Epoxy mixture through a 3-roll mill 10 times at a 50μm roll gap. These samples were 
cured at 80°C/12h and 120°C/2h. The composites prepared by these methods were 
compared for flexural modulus and assessed for dispersion by SEM.  
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2.8.4. GNP Clusters and Composite Preparation 
Graphite nanoplatelets were used as received and added at various mass fractions 
to EMIM-DCN (17.6 phr relative to epoxy). The resulting mixture was passed through a 
Torrey Hills 2.5x5 3-roll mill. For shear mixing, the gap between the 2.5” diameter rollers 
was set at 50 microns, and the rolls rotated at 31, 84 and 174 RPM, corresponding to surface 
velocities of 0.1, 0.27, and 0.57 m/s. This high shear mixing was repeated 10 times for 
increasing dispersion. The composite samples were degassed for 20 minutes at 60˚C under 
active vacuum, cast for 12 hours at 80˚C, and post-cured for 2 hours at 120˚C.42  
2.8.5. Hybrid Silica/GNP Dispersion and Preparation 
Nanopox F400 is a formulation of well-dispersed silica, silica-epoxy coupling 
agent, and epoxy, at 40 wt% silica. EMIM-DCN was mixed with the nanopox at the same 
molar ratio as the standard formulation. For comparison, samples were designed to have 
equivalence of volume fraction of filler materials – 22vol% silica/0vol% GNPs, 
22vol%silica/4vol% GNPs, and 0vol% GNPs/4vol% GNPs. These formulations were 
processed through the 3-roll mill 10x at a 50μm gap width. The composite samples were 
degassed for 20 minutes at 60˚C under active vacuum, cast for 12 hours at 80˚C, and post-
cured for 2 hours at 120˚C. The cured materials were then characterized by DMA and SEM. 
2.8.6. Flake graphite composite 
Large graphite flakes (+100 mesh) were purchased from Sigma Aldrich. This was 
mixed with 15% EMIM-DCN and 85% Epon 828. These formulations were processed 
through the 3-roll mill 10x at a 50μm gap width. The composite samples were degassed for 
20 minutes at 60˚C under active vacuum, cast for 12 hours at 80˚C, and post-cured for 2 
hours at 120˚C. The cured materials were then characterized by SEM. 
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2.8.7. FTIR for Silica-Coupling Agent Interaction 
Spectra were taken on a Thermo-Nicollet 6700 FTIR spectrometer by attenuated 
total reflectance using a zinc selenide crystal. For spectral analysis, silica was compressed 
into a pellet. The mixture was created by adding 40% silica to GPTMSi and grinding with 
a mortar and pestle for 5 minutes. 
2.8.8. Dispersion Assessment 
For the silica dispersion experiment, 2.0 mg Silica nanopowder was added into a 
solution of 3.0 g  EMIM-DCA and 4.0 mg GPTMSi. This solution was mixed briefly with 
a stirring rod before sonication in glass vial in a Cole-Parmer 8893 bath ultrasonicator. 
After mixing, but before sonication, visible silica clumping was observed. Beginning after 
the first hour of sonication, samples were taken from the main vial, diluted into EMIM-
DCN until the particle count was within the optimal range, and then the light scattering 
data was analyzed using a Malvern Zetasizer DS-90. 13 measurements were taken at each 
time step, and averaged.  For GNP dispersion, X-ray diffraction patterns of the cured 
composite were analyzed using a Siemens D500 X-Ray Diffractometer, with a 1500 W, 
1.54 Å Cu x-ray source, a 4 second dwell time, and 0.04˚ data spacing.  
2.8.9. Materials Characterization 
For all samples, the solid material was sanded to a standard size and shape, and 
tested to obtain flexural modulus in a TA Instruments Q800 DMA using a dual-cantilever 
clamp configuration at 1 hZ. For SEM, fracture surfaces of cured nanocomposites were 
coated with platinum using a Cressington sputter coater at 40 mA for 30 seconds, coating 
to an expected thickness of 7-9 nm. Images were taken with an FEI XL30 ESEM and a 
Zeiss Supra 50VP SEM. Electrical conductivity of SWNT and GNP composites was 
determined by coating the ends of regular, rectangular shaped composite pieces and 
measuring resistance using a standard multimeter. Fracture toughness was measured using 
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ASTM# D5045-99(2007)e1 using Single Edge Notched Bend methodology on 
2”x0.5”x0.25” samples. 
Data from other researchers used in comparisons with our data were obtained by 
digitizing published figures and converting values to the appropriate units. (Enguage 
digitizer http://digitizer.sourceforge.net) 
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3. Direct Preparation of Few Layer Graphene Epoxy Nanocomposites  
from Untreated Flake Graphite 
 
 
ABSTRACT:  
The natural availability of flake graphite and the exceptional properties of graphene 
and graphene-polymer composites create a demand for simple, cost-effective, and scalable 
methods for top-down graphite exfoliation. This work presents a novel method of few-
layer graphite nanocomposite preparation directly from untreated flake graphite using a 
room temperature ionic liquid and laminar shear processing regimen. The ionic liquid 
serves both as a solvent and initiator for epoxy polymerization and is incorporated 
chemically into the matrix. This nanocomposite shows low electrical percolation (0.005 
v/v) and low thickness (1-3 layer) graphite/graphene flakes by TEM. Additionally, the 
effect of processing conditions by rheometry and comparison with solvent-free conditions 
reveal the interactions between processing and matrix properties and provide insight into 
the theory of the chemical and physical exfoliation of graphite crystals and the resulting 
polymer matrix dispersion. An interaction model that correlates the interlayer shear physics 
of graphite flakes and processing parameters is proposed and tested. 
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3.1. Introduction 
Once isolated, atomically-thin graphene possesses exceptional native properties. 
For composite applications, tensile modulus, electrical conductivity, and thermal 
conductivity are of particular interest.1 In addition to these intrinsic properties, graphene is 
an outstanding secondary phase for composite materials, providing a high specific surface 
area (2630 m2/g), 2-dimensional loadbearing capacity, high aspect ratio, and low-cost 
promise,2,3 due to the ready availability of large amounts of graphene in the form of natural 
graphite (>800 m metric tons estimated worldwide).4 Thus, the scalable, top-down 
exfoliation of graphite into its graphene layers without disrupting the native sp2-
hybridization remains a high priority research target. Taking into account an understanding 
of graphite crystal structure, shear forces, solvent selection, dispersion, and polymer cure, 
this work proposes that well-defined laminar shear can exfoliate natural graphite at high 
yield.  The approach provides a path to streamlined and scalable processing; it also avoids 
limitations of other exfoliation methods. 
A variety of physicochemical strategies for graphite exfoliation have shown 
tradeoffs between purity of exfoliated material, throughput, yield, and scalability for the 
exfoliation of natural graphite.5 These approaches include covalent modification, graphite 
intercalation, electrochemical exfoliation, and mechanically-assisted direct solvent 
dispersion. Covalent modification for graphite6 provides for customizable surface 
chemistry7 at the expense of the pristine nature of the graphene sheet.  The most common 
graphite functionalization for exfoliation or further reaction is the oxidation8  of graphite. 
Graphite oxide shows an increased interlayer spacing (6-8Å, vs 3.35Å for pristine, AB-
stacked graphite), a disruption of sp2 hybridization, and hydroxyl and epoxide groups on 
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the sheet surfaces with a C:O ratio between 1.3:1 and 2.3:1.8 These defect sites allow for 
further modification for solvation or further covalent linkages, and can be partially reduced 
to regain some graphene properties. Reduced graphene oxide sheets demonstrate a partially 
restored sp2 hybridization, a C:O ratio of 5:1 to 10:1,8 the creation of 5- and 7-membered 
ring defects,9 and partially restored electrical conductivity.   
Another strategy for the partial exfoliation of graphite is the use of graphite 
intercalation compounds (GICs).4 GICs interact electronically with the graphitic carbon, 
penetrating the interlayer galleries without covalently interacting with the graphite sheets. 
The excitation of GICs by heating or microwave irradiation produces a rapid expansion of 
the graphite to hundreds of times its original volume. These expanded graphite structures 
can be mechanically separated to produce nanoplatelets of uniform dimensions, with 
thicknesses as small as 20 layers. 
Recently, direct liquid exfoliation methods have been proposed involving a suitable 
graphene solvent and an effective kinetic dispersion method. Experimental studies using 
physical exfoliation methods followed by centrifugation have yielded a library of effective 
solvents.10,11,12 Additionally, theoretical studies have identified specific interactions 
between graphene and a variety of solvent molecules,13 with pi-pi stacking and ionic charge 
sharing as primary mechanisms for effective graphene solvation. Moreover, a variety of 
solvent interaction potentials have been proposed and experimentally verified.10 
 Of particular interest for this study, imidazolium-based room-temperature ionic 
liquids (RTILs) form a class of compounds14 with tunable15 reaction and solvent 
chemistries that offer unique opportunities for graphite exfoliation and dispersion. Previous 
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research has shown direct exfoliation and dispersion of graphene in such solvents 
electrochemically.16,17,18 Theoretical studies have shown that imidazolium-based RTILs 
interact with graphene, carbon nanotubes, and other sp2-hybrided carbon structures 
through cation-pi stacking,19 interlayer intercalation, and electrostatic shielding.20 Our 
work has also shown that some imidazolium RTILs also initiate the polymerization of 
epoxies21 and can therefore serve both as solvents and curing agent eliminating the 
problematic and costly need to remove solvents during processing.22,23,24  
While an optimized chemistry provides for a thermodynamically stable or 
metastable suspension, kinetic forces are required to overcome interlayer attraction and 
achieve exfoliation. Sonication is the most common kinetic treatment presented in 
literature, but potential applications are limited by treatment time, cleavage, and oxidation. 
Ultrasonication provides a variety of physical forces via  frequency-modulated 
compression/rarefication waves, featuring turbulent fluid flow and violent cavitation 
events.25 To the nanoparticle, these processes result in extreme local conditions including 
pressure up to 1000 bar, temperature up to 5000 K, liquid velocity reaching 280 m/s, and 
cooling rate >10 K/s.26  Sonication acts to peel the peripheral layers from the graphitic 
stack, and requires significant treatment time to act on interior layers.27   Further, sonication 
has a marked effect on particle size, cutting sheet size in addition to interlayer exfoliation.28 
Finally, evidence also exists of altered surface chemistry for sonicated particles.29,18  
A variety of methods for applying direct mechanical shear, including grinding,30 
twin-screw extrusion,31 high-shear ball-milling,32,33 rotor-stator mixing,34 and impeller-
driven mixing35  have shown the ability to directly exfoliate graphite in an appropriate 
solvent.  Of special significance to this study, laminar shear from a 3-roll mill is a physical 
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approach that has been successfully used for nanoparticle dispersion and nanocomposite 
preparation. Researchers have applied high-shear milling separately to the exfoliation of 
graphite36 and the dispersion of nanoclays,37 acid-expanded graphite nanoplatelets22,38,39 
and carbon nanotubes23,24,40,41,42 for nanocomposites.  
 This work presents an alternative to chemical processing and chaotic flow-fields 
for the direct exfoliation of graphite and the single-pot preparaton of nanocomposites.  In 
this approach, exfoliation is accomplished by combining the application of a high-shear 
laminar flow pattern using a 3-roll mill, and the use of an RTIL solvent/initiator to 
minimize reaglomeration and induce composite cure. Additionally, we develop a 
theoretical approach to predict degree of exfoliation by combining the physical 
understanding of laminar flow through a 3-roll mill the latest understanding of graphite 
interlayer shear strength values. When this understanding is combined with the RTIL 
solvent-initiator processing previously demonstrated by our lab,21,22,23,24  a simple, 
integrated procedure for graphite exfoliation, graphene dispersion, and polymer cure is 
presented here.   
3.2. Design of Experiment 
Two critical factors are considered for direct graphite nanocomposite preparation 
from flake graphite: applied shear stress and dispersion chemistry. Shear stress is required 
for exfoliation, while a good solvent environment prevents restacking. With these 
considerations in mind, flake graphite (nominal thickness 20-50 μm) is mixed into a 
solution of Epon 828 and 1-ethyl-3-methyl imidazolium dicyanamide (EMIM-DCN). This 
suspension is then processed with a 3-roll mill, and thermally cured. As a control, the same 
processing schedule is performed on a suspension of graphite directly in Epon 828 with no 
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solvent. Subsequent to processing, this control suspension is mixed with and cured by 
Primaset LECY curing agent.  
For 3-roll mill processing, the maximum shear is encountered in the regions 
between adjacent rollers, known as the nips. The nip width can be adjusted to balance the 
need for throughput of thick flakes (which require wide nips) and high applied shear 
stresses (which require narrow nips). Thus, a variable nip-width processing schedule, 
detailed in Table 1, was developed. In this experiment, a suspension of flake graphite 
passes through the 3-roll mill 30 times with successively narrowing nip widths and 
correspondingly increasing shear. The application of shear at the wide nips begins the 
process of exfoliation on large flakes, with shear sliding occurring between their weakest 
planes. As the nips narrow, thinner flakes with stronger interlayer association are exposed 
to sufficient shear stress for complete exfoliation.  
 Table 1: 30-pass variable roll-nip procedure showing the decrease in nip width, 
corresponding to an increase in applied shear stress. 
Run 
Number 
Nip width 
(μm) 
1 550 
2 300 
3-10 50 
11-20 20 
21-30 5 
 
 Samples are removed at various stages of this processing scheme for analysis and 
cure. While still in the liquid state, solution rheology measures degree of exfoliation. For 
cured samples, electrical conductivity measures the dispersion of the percolating nanofiller 
network. Additionally, X-ray diffraction (XRD) on the cured composite provides 
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information on deviation from graphite crystal structure, indicating exfoliation 
effectiveness. Qualitatively, microscopy provides information about the structure of the 
cured material, the exfoliated size of the nanofiller material, and the effect of processing 
on exfoliation and dispersion.  
3.3. RTIL-Shear Processing 
Figure 3.1 shows the viscosity of the liquid 3 wt% graphite/RTIL/epoxy suspension 
before, during, and after processing. Significantly, minimal viscosity increase occurs upon 
the addition of unexfoliated graphite flakes. Instead, two significant increases in solution 
viscosity are noted. The first is between unprocessed graphite solution and the graphite 
solution that has been processed 5 times, through 550, 300, and 50µm nip widths. This 
small viscosity increase continues through additional 50µm processing and 20µm 
processing. The next large increase in viscosity occurs when the shear was increased at the 
smallest nip width (5µm). Here, in addition to the increase in viscosity, a strong shear-
thinning effect is noted. This is consistent with the behavior of colloidal suspensions of 
high-aspect ratio particles as a result of the alignment of flakes within the stronger flow 
field.43 This shear thinning can be taken as a second indicator of the increased aspect ratio 
of suspended particles, along with the viscosity increase itself. 
X-ray diffraction peaks of cured composite samples are shown in Figure 3.2. The 
002 peak of graphite (appearing here at 2θ=26.56°) which corresponds to interlayer 
stacking between layers in the graphite crystal, disappears quickly with processing. The 2-
pass composite was chosen for the baseline rather than the untreated sample to attempt to 
avoid the effects of sedimentation on the measurement. The composite made from material 
processed with the full 30-pass procedure had a 002 peak of less than 1% of the value of 
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the composite made after 2 passes of 3-roll processing. This is an indication of an 
interruption of the native graphite interlayer stacking. 
 
 
Figure 3.1: Rheometry of graphite/epoxy/RTIL slurry during processing. As graphite is 
exfoliated by shear processing, the solution viscosity increases as well as showing the 
shear-thinning behavior characteristic of high aspect ratio suspended particles. 15% 
RTIL/85% EPON 828 solution without graphite (■), graphite/RTIL/Epoxy with no 
processing (▲), and the graphite suspension after  varying degrees of 3-roll mill 
processing – 5 passes through the mill, 50µm minimum nip width (▲), 10 passes/50µm nip 
(○), 15 passes/20 µm nip (♦), 20 passes/20 µm nip (×), and 30 passes/5µm nip (●). 
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Figure 3.2: X-ray diffraction of the cured composites of 3% graphite processed through 
various degrees of 3-roll mill processing – 2 passes/250μm nip (▬), 10 passes/50μm nip 
(▬),20 passes/20μm nip(▬), and 30 passes/5μm nip(▬). 
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Electrical conductivity is both a desirable property for a nanocomposite material 
and an excellent indicator of internal structure through the measurement of bulk properties. 
Figure 3.3 shows the DC electrical conductivity of EMIM-DCN cured graphite 
nanocomposites, showing the effect of graphite loading, the anisotropy of the cured 
material, and the effect of processing for the 3 wt% loading.  DC conductivity increased 
monotonically with processing, and showed the greatest improvements following the 
decreases in layer thicknesses after the nip width reduction at 10 and 20 passes, confirming 
the effect of shear stress on exfoliation and dispersion state.  The large increase in electrical 
conductivity between 0.5 wt% and 1 wt%  (0.26 and 0.51 volume %) indicates the 
formation of a percolating network of the conductive graphite phase within the insulative 
matrix.  This is lower than the percolation threshold of graphite nanoplatelet composites 
(between 0.5 and 1 volume %, depending on aspect ratio),22 and indicates true nanoscale 
dispersion of graphene flakes.  
For conductive particles with flake geometry, percolation threshold has been shown 
to vary with aspect ratio:44 
𝑓𝑐 =
27
4𝛼
  1 
(where fc is the percolation threshold in volume fraction, and α is the aspect ratio). Using 
this equation and the measured percolation threshold, an effective aspect ratio for dispersed 
graphite processed by this method can be found to be at least 1300, significantly higher 
than the initial aspect ratio of ~20 (given nominal 30x600µm flakes). 
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Figure 3.3: Conductivity versus processing and loading. 0, 0.5, 1, and 3 wt% graphite 
processed via a full 30-pass variable gap methodology with conductivity measured 
horizontally (○) and vertically (+) with respect to cure. For 3 wt % graphite, in addition 
to the final product, samples were removed at select processing steps (numbers indicated 
on the chart), cured, and measured for electrical conductivity (Δ). 
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Additionally, electrical conductivity anisotropy was considered. In an unstable 
suspension, sedimentation causes conductivity horizontal with respect to curing 
dimensions to be significantly higher than vertical conductivity. Gel time under the 
polymer cure conditions presented in this work is 8 hours, giving time for sedimentation to 
occur if the suspension is unstable. After full processing, the samples in this study showed 
minimal anisotropy, well within the margin of measurement error. 
Figure 3.4 shows electron microscopy images before, during and after processing, 
providing insight into the exfoliation status, microstructure, and size of the particles after 
full processing. Figure 3.4A shows a picture of the +100 mesh graphite flakes without 
treatment. The starting material has diameters in the range of 300-700µm, and thicknesses 
from 20-50µm, corresponding to 60,000-150,000 individual graphene layers. Figure 3.4B 
and C show the fracture surface of a 3% graphite composite material after 30 3-roll mill 
passes, with thin, well-dispersed graphite/graphene plates throughout the bulk of the 
polymer. Figure 3. 
Figure 3.4D (3% graphite, 20 mill passes/20μm nip width) shows a partially 
sheared graphite stack reveals weaker/stronger layers as parts of the stack remain 
unsheared, while other layers have experienced significant shearing. Finally, Figure 3.4E-
F shows TEM images of 1% graphite composites after the full 30-pass milling schedule. 
Figure 3.4E shows a bent face sheet of graphene/few layer graphite on the surface of the 
microtomed region. The pleating and folding of the sheet reveals a morphology typically 
shown by graphene, rather than bulk graphite, the parallel structure of which resists 
bending to high angles. Figure 3.4F shows a side view of a graphite sheet in the cured 
epoxy, with a measured width of 1.0 nm, consisting of 1-3 layers. These TEM images 
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indicate that the distribution of graphite widths within the cured composite includes very 
few layer graphite or graphene.  
 
Figure 3.4: Microscopic images of unmodified graphite flakes (A) and fracture surfaces of 
cured graphite composites (B-F). (A) Unmodified graphite flakes +100 mesh graphite 
flakes. (B-C) Fracture surfaces of 3% graphite processed with the full 30 pass processing  
at two length scales. These show graphite uniformly distributed throughout the composite, 
at significant reductions in both layer thickness and diameter. (D) A graphite stack on the 
fracture surface of a 3% graphite composite after 20 passes in the 3 roll mill shows a 
slipped-layer morphology. (E-F) TEM images of 1% graphite at 30 passes shows both 
folded graphene sheets (E) when the microtome cut is parallel to the sheet, and thicknesses 
reaching less than 1 nm (1-3 graphite layers) when the microtome is perpendicular to the 
graphene sheet (F).  
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Figure 3.5 shows the mechanical results of graphite nanocomposites treated with 
30 passes through the 3-roll mill. As with many graphene nanocomposites, an increase in 
modulus is found, along with a decrease in ultimate tensile strength. The modulus increase 
due to the stiffer carbon stage is similar to other graphite composites.22 The drop in strength 
is also commonly reported in large aspect ratio plate composites as a result of low 
interfacial strength along the graphitic surface.45 
 
 
Figure 3.5: Mechanical performance of graphite nanocomposite manufactured using the 
variable-gap size model and RTIL solvent. With increased loading, an increase in tensile 
modulus and a decrease in tensile strength are observed.  
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3.4. Solvent-free Processing 
For comparison with the RTIL-shear dispersed process, 3% graphite was milled 
directly in EPON 828 with no solvent. The same 30-pass procedure, at the same nip widths 
as the RTIL-shear processing method was performed. The solvent-free dispersion had 
higher viscosity, and thus higher shear forces, than the RTIL-dispersed graphite solution. 
Figure 3.6 shows the viscosity increase for both the RTIL-dispersion and the solvent free 
dispersion. Both showed similar trends in viscosity increase, with the largest jumps in 
viscosity happening upon initial processing and at the low roller nip width. Further, for 
solvent-free processing, the viscosity increase is higher at early processing steps, as a 
reflection of the higher shear forces present due to the higher viscosity of the solvent-free 
suspension.  
Figure 3.7 shows the decrease in XRD peak heights of cured epoxy composites 
made with solvent-free and RTIL-dispersed graphite. As a baseline, composite made after 
2-passes 3-roll mill processing were used to minimize sedimentation and mixing effects. 
Both series show an exponential decrease in the graphite 002 peak height (normalized with 
the amorphous polymer peak at 2θ=18.2°). The solvent-free dispersion initially shows 
greater exfoliation, but the results are similar after the full processing range at narrow gap 
size. This data shows only the effect of the shear processing, not dispersion. Once 
exfoliated, graphite can either be dispersed throughout the composite material or restack in 
amorphous agglomerates. 
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Figure 3.6: Viscosity increase at 25°C and a shear rate of 2 s-1 versus processing for 3% 
RTIL-dispersed graphite (○) and 3% solvent free (EPON 828) dispersed graphite (Δ)  
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Figure 3.7: XRD Peak Height ratios (graphite 002/amorphous polymer peak) for 3% 
RTIL-dispersed graphite (○) and 3% solvent free (EPON 828) dispersed graphite (Δ)in 
the cured composite for 2, 10, 20, and 30 3-roll mill passes. This shows the exfoliation 
behavior of the graphite crystal in the composite material. For both situations, the 
graphite peak decreases exponentially with processing, indicating the exfoliation of 
graphite from its native crystal structure. 
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Despite the exfoliation indicated in rheometric and XRD studies, poor dispersion 
was indicated by the lack of property improvement of the solvent-free system. All solvent 
free samples were tested for DC electrical conductivity with an experimental setup with 
sensitivity to conductances as low as 10-7 S/m (a level at which RTIL-dispersed graphite 
composites showed significant conductivity after 5 passes, Figure 3.3).  No solvent-free 
sample surpassed this threshold of electrical conductivity, indicating that whatever the 
exfoliation state (indicated by rheometry and XRD), the dispersion state was ineffective at 
forming a percolating network of the conductive graphite phase.  
Finally, a comparison of the visual dispersion of RTIL-dispersed and solvent-free 
graphite composites in Figure 3.8 reveals differences in bulk dispersion. For the RTIL-
dispersed composite, further processing at higher shear decreases the diameter of graphite 
particles (Figure 3.8 A-C). Additionally, because of the improved electrical conductivity 
(which goes as a function of aspect ratio), we can also conclude that the decrease in 
thickness occurs even faster than the decrease in particle diameter. Significantly, even as 
this process occurs, the partially-exfoliated graphite is always well dispersed throughout 
the bulk of the material.  
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Figure 3.8: Dispersion SEMs of RTIL-dispersed graphite flakes (A-C) and solvent-free 
dispersed graphite flakes (D-F), at 10 (A,D), 20 (B,E), and 30 (C,F) passes through the 
3-roll mill. At each stage, the RTIL-dispersed graphene flakes show more uniform 
dispersion throughout the material, despite the similarity of forces 
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This is not the case for the solvent-free dispersion (Figure 3.8D-F). Here, a 
reduction in diameter and thickness is also directly observed. However, SEM reveals two 
significant distinctions in the dispersion of graphite in the solvent-free composite, relative 
to the RTIL-dispersed composite. First, significant areas of material with no graphite exist 
in the composite. Secondly, large, randomly associated graphite stacks are noted at each 
length scale. This indicates graphite that partially re-stacked to other graphite rather than 
existing in the solvent environment of the bulk material.  
Based on the SEM, rheometry, and XRD results, this restacking is not a full 
restoration of native graphite with pristine crystal structure. Rather than perfect sheet 
alignment, exfoliated graphite flakes partially align and form amorphous structures.  This 
re-stacking reduces the effective aspect ratio of the agglomerate, preventing the formation 
of a percolating network, even at concentrations well above the percolation threshold for 
similarly processed, but well-dispersed graphite sheets. Taken together, the rheometric, 
electrical, and microscopic comparison between the RTIL-shear dispersion and the solvent 
free-shear dispersion reveal that while shear stresses alone induce exfoliation in graphite 
sheets, a good solvent environment is necessary for effective dispersion within a liquid 
solution or a bulk composite.   
3.5. Theory 
To consider the effect of processing on a graphite crystal, an integrated model is developed 
which incorporates the physical parameters of a 3-roll mill, the fluid dynamics of the 
suspension, and the internal resistance to shear of the graphite flake. Figure 3.9 shows the 
path of the graphite suspension through the 3 rolls of the mill. The three rollers (Figure 
3.9B, C, and F) rotate at increasing speeds - 31, 84, and 174 RPM (corresponding to surface 
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velocities of 0.1, 0.27, and 0.57 m/s). The velocity differential between consecutive rollers 
produces high-shear environments between the rollers at their points of closest approach. 
Starting in the feed region (Figure 3.9A), the sample moves through these two high-shear 
nips (Figure 3.9, D and E), and either recirculates back to the feed region or is deposited 
on the apron (Figure 3.9G). 
 
 
 
 
 
Figure 3.9: 2-D schematic of a 3-roll mill.  The sample is injected into the feed region (A) 
between the feed roll (B) and the center roll (C). Initially, the bulk of the material remains 
in the feed region while small amounts pass through the first high-shear nip (D) and remain 
adhered to the rollers as they are alternatively recirculated into the feed region by the feed 
roll or advanced to the second nip (E) by the center roll. After passing through the second 
nip, the material is again either recirculated into the feed region by the center roll, or 
adheres to the apron roll (F) and is removed by the apron (G) for collection and further 
characterization.  
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Assuming static, isobaric, laminar flow between parallel plates, the fluid shear 
stresses(τ) of this 3-roll mill can be approximated as a function of viscosity(µ), roller 
surface velocities (u1 and u2), and nip width (L) using the standard equation for shear stress 
under Couette flow: 
𝜏 =
µ(𝑢2−𝑢1)
𝐿
  2 
This approximated shear stress can then be compared with literature values of 
graphite interlayer shear stresses (ISS). Literature proposes a wide range of graphite ISS 
values, from 0.2546-140 MPa.47  This variability is due to deviations from ideal, AB-stacked 
graphite crystal structure. Classical studies did not account for variations in layer 
interactions, and thus reported a low value for graphite ISS by shearing a graphite crystal 
between the layers with weakest association.46  Recent theoretical studies have shown 
substantial variations in sliding energies due to the thickness and number of graphene 
layers,48 orientation of sliding layers,49 layer stacking,50 and shearing orientation. Moving 
from pristine crystals to real flakes, the presence of impurities and grain boundaries will 
add additional variables that affect the shear properties of a real graphite crystal. 
Liu et al.47 provide strong experimental evidence that interlayer stacking rotation is 
the key factor for variations within a single crystal, finding a four order of magnitude 
change (0.5 MPa-140 MPa) in ISS from the same crystals before and after rotational 
perturbation. In this case, the lower value represents the shear required to induce sliding 
between randomly oriented layers (and corresponds to the numbers reported in earlier 
studies), while the higher number is required to induce sliding motion between pristine, 
AB-stacked layers. Based on this, it can be predicted that shear stresses above 0.5 MPa will 
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shear a graphite crystal along randomly aligned layers, while stresses above 140 MPa will 
be required to induce shear exfoliation in pristine, AB-stacked layers.  
Equation 2 predicts that the shear stress will be determined by the relative roller 
velocities, suspension viscosity, and nip width. On the experimental setup used for this 
experiment, roller velocities are fixed. Viscosity will increase over the length of the 
experiment as exfoliated graphite thickens the suspension. Thus, nip width is the primary 
experimental control over the shear experienced by a graphite flake within the mill. 
Figure 3.10 plots shear stress against nip width for the viscosities (4.2, 5.3, and 8.2 
Pa·s) corresponding to solutions with increasingly exfoliated graphite particles. Also 
depicted in Figure 3.10 are the ISS values for randomly- and AB-stacked graphite 
(horizontal dashed lines) and the nip widths used for processing (vertical dashed lines). 
This approximate model makes two predictions. First, shearing of randomly stacked-layers 
will occur for any nip width for this experiment, since all shear stresses are above 0.5 MPa. 
Finally, below 10-20 μm, the liquid shear stress exceeds the ISS of AB-stacked graphite 
for all experimentally relevant viscosities.  
The predictions of this model accurately reflects the experimental results.  The 
viscosity increases (Figures 3.1, 3.6) occur primarily after initial shear processing, after the 
nip width is set to 5μm.  This dual exfoliation behavior supports graphite ISS models which 
predict graphite to have tightly-associated AB oriented interlayers and more loosely 
associated interlayers with a random rotational stacking. Additionally, electrical 
conductivity results (Figure 3.3) show the largest increases in conductivity after the gap 
thickness is narrowed at each processing step.  
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Figure 3.10: Applied stress seen by the surface of a suspended flake for for μ=4.2, 5.3, and 
8.2 Pa·s and the geometric considerations of the mill used in this study for a range of 
platelet thicknesses. Applied stress increases as the nip narrows. With a small enough nip, 
AB-stacked graphite layers can be successfully separated.   
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3.6. Conclusions 
The primary conclusion of this study is that through a combination of mechanical 
shear and solvent selection it is possible to make excellent graphene/few layer graphite 
nanocomposites without chemical treatment.  Additionally, nanocomposite created by this 
method showed high electrical conductivity (σ=10-2 S/m at 3 wt%)  a low electrical 
percolation threshold (φc=1 wt%/0.5 vol%), and excellent qualitative graphite dispersion 
by SEM. 
A second conclusion of this study is that the mechanism of exfoliation can be 
clearly understood from the anisotropic physics of graphite crystals with differing 
interlayer interactions. Significantly, a relationship between nanocomposite processing and 
graphite crystal properties can be shown. Further processing and application of higher shear 
forces increases both the liquid suspension viscosity and the electrical conductivity of the 
cured nanocomposite. This relationship between processing and exfoliation also confirms 
previous work on the shearing modes of a graphite crystal. The discovery of significant 
increases in viscosity as processing shear reaches above the ISS of randomly oriented and 
AB-stacked graphene interlayers supports fundamental findings on the dual shearing 
modes of the graphite crystal.   
 Finally, this study shows that both effective application of shear forces and a good 
solvent are required for effective nanocomposite preparation. High shear forces were able 
to dramatically decrease the thickness of the original bulk graphite regardless of solvent 
presence. However, without a good solvent, composite material properties and microscopy 
revealed the spatial dispersion to be lacking and re-stacking to be a significant event. 
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3.7 Materials and Methods 
EMIM-DCN (EMD Sciences #4.90163), DGEBA (Miller-Stephenson EPON 828, 
EEW 188 g/eq), +100 mesh Flake Graphite (Sigma Aldrich # 332461), (and 4,4-
diaminodicyclohexylmethane (PACM curing agent, AirProducts, CAS# 1761-71-3) were 
used as received.  
Samples were prepared by a modified form of the procedure previously presented 
by our group.22 Flake graphite (.01-.03 w/w) was mixed into a solution of ionic liquid and 
epoxy (17.6 phr EMIM-DCN relative to EPON 828). The solution was passed through the 
3-roll mill 30 times through a variety of gap spacings, before the composite slurry was 
degassed and thermally cured at 80°C for 12 hours/120°C for 2 hours. Reference samples 
with PACM curing agent were processed with epoxy only, mixed with PACM, and cured 
at 80°C for 4 hours/160°C for 2 hours. 
This mixture was milled in a 3-roll mill (Torrey Hills 2.5”x5”) with a 2.5” roller 
diameter with roll speeds of 31, 84 and 174 RPM, corresponding to surface velocities of 
0.1, 0.27, and 0.57 m/s. Shear was controlled by adjusting the thickness between rollers 
and the viscosity of the liquid solution. For all experiments, the gap size listed denotes the 
gap of both rollers. For larger roller thicknesses, the gap between the middle and apron 
roller are narrowed further at the end of a single run, to facilitate the full removal of material 
from the mill. Roller nip width was controlled by moving the rollers together onto a spacer 
of specified thickness. All thicknesses were verified by light microscopy, and the numbers 
presented for nip width are microscope measurements, not spacer thicknesses, which 
underreported the actual gap. For the smallest gap size (5 μm), a light was placed under the 
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rolls and the rolls were adjusted to the minimum gap that would allow light through. This 
was determined by microscopy to correspond to a gap of 5 µm.  
Liquid samples were taken for rheometry during processing. A TA Instruments AR 
2000 EX rheometer measured viscosity of a sample between a flat plate accessory and a 
Peltier plate maintained at 25°C. For DC electrical conductivity, samples were sanded into 
a rectangular shape, two opposing ends were painted with silver paint, and resistance was 
measured by a standard multimeter. For high resistance values, electrical impedance 
spectroscopy was measured at 5V over a frequency range of 0.1 Hz to 1MHz using a Gamry 
Potentiostat 3000.  Scanning electron microscopy (SEM) was performed with a Zeiss Supra 
50VP SEM on samples that had been sputter coated with a 7-9 nm platinum layer prior to 
imaging. Transmission electron microscopy (TEM) was performed by a FEI-Tecnai T12 
operated at 120 kV. Samples were prepared by microtoming sections at 100 nm nominal 
thickness and placing them on a 300x300 copper grid. Samples for mechanical testing were 
cast in dogbone shape molds and tested in the tensile orientation for modulus and yield 
strength. 5 samples for each concentration were tested. X-ray diffraction was performed on 
a polished side of a cured composite sample on a Rigaku Smartlab diffractometer with a 
Cu anode X-ray tube at 30 mA/40 kV current using Bragg-Brentano geometry. 
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4. Initiation of Cyanate Ester Trimerization by Dicyanamide RTILs 
 
 
 
 
 
Abstract: 
This work presents dicyanamide-containing ionic liquids as a new initiator system 
for cyanate ester resins. The cure effect was found in many dicyanamide-containing ionic 
liquids with diverse cations, and the dicyanamide was found to incorporate directly into 
the triazine network. The dicyanamide initiator provides an alternative to metal and 
hydroxyl catalysts, and produces a novel, ionic thermoset polymer. This polymer offers a 
new range of cure schedules, and opens the door to further research in degradation 
prevention, ionic thermosets, and nanocomposites.  
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4.1. Introduction 
Cyanate esters (CEs) are thermosetting resins with a range of valuable properties 
for high performance materials applications.1,2,3 Notably, a glass transition temperature 
(Tg)  of up to 400ºC promises applications in high temperature composites
4 and as a 
substrate for hot-solder microelectronics applications. Other significant properties of 
cyanate ester resins include good fracture toughness, excellent substrate adhesion, low 
shrinkage, low dielectric loss, and low moisture uptake. For applications in which 
performance in such areas justifies the additional cost, cyanate esters are a proven 
replacement for thermosets such as epoxies or maleimides in applications in the aerospace, 
electronics, and communications industries. 
CE monomers polymerize via a unique, ring-forming trimerization. Neglecting side 
reactions, this reaction is depicted in Figure 4.1, after Simon and Gillham.5 Active hydroxyl 
donors in concert with coordination-center metal catalysts accelerate cure speed and extent. 
While nonylphenol is the most commonly added hydroxyl donor,6,7,8 a wide range of metals 
is used as synthesis catalysts, including  titanium,6 cobalt,7 copper,8 chromium,9,10 iron,11 
tin,12 zinc,13 and manganese.14 Homopolymerization without added catalysts has also been 
shown to occur at high temperatures.  However, this reaction is still thought to be mediated 
by trace phenols and metals present in the mixture due to monomer degradation, impurity, 
or residual from synthesis.15   
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Figure 4.1: Cyclotrimerization reaction of a cyanate ester monomer catalyzed by an 
hydroxyl source and a metal catalyst (M++). The hydroxyl source combines with a cyanate 
ester monomer (A) to form an imidocarbonate (B). The metal-stabilized imidocarbonate 
can interact with a second monomer to form a stabilized dimer (C). A third monomer 
completes the triazine ring (D), and the hydroxyl source and metal catalyst are recycled 
for further reaction.  
 
 
 
Alternative cure systems for cyanate esters are desirable to mitigate the downsides 
of current catalyst systems. Current cyanate ester systems have practical and environmental 
downsides. Metal coordination centers, particularly copper, have been shown to accelerate 
hydrolysis within cured cyanate ester resins, leading to significant network degradation, 
Tg loss, and blistering.16,17,18  Additionally, many hydroxyl donors, particularly the volatile, 
phenolic-based compounds that are polymer-miscible, such as nonylphenol, have been 
flagged as toxic to human health and harmful to the environment.19,20   
In this work, we present a family of room temperature ionic liquids (RTILs) that 
contain a dicyanamide (DCN) anion as an accelerant for cyanate ester cure. RTILs are 
organic ion pairs that form liquids at room temperature. Their ionic character imparts 
varied solution and reaction properties. Most notably, RTILs have negligible volatility, 
allowing for near complete solvent retention during processing. Additionally, the diversity 
of cation and anion structures combine to form a large library of unique combinations. This 
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large library of compounds with similar structures allows applications engineers to choose 
ions and pair combinations that specifically optimize relevant properties, including solvent 
capacity, reaction chemistry, and toxicity.  
In recent years, researchers have discovered a number of applications for RTILs in 
polymer systems, including sorbent polymers, and electroactive polymers. Of particular 
interest, recent work by our group21 and others22,23,24 has demonstrated the viability of a 
range of ionic liquids for use in the initiation of polymerization for epoxy resins. In these 
studies, the cation has been found to be the reactant, and the efficacy of both imidazolium-
based,21,22 and phosphonium-based23,24 cations have been demonstrated. Moreover, our 
group has shown that RTILs chosen for both solvent interactions and thermoset initiation 
can create excellent silica,25 graphite nanoplatelet,25 and carbon nanotube25,26,27 
nanocomposites with increased processing efficiency.  
One motivation for research into RTIL applications is their potentially 
advantageous environmental impact. The practical non-volatility of RTIL solvents 
significantly reduces the incidence of contamination and environmental spread. However, 
RTIL toxicity varies with ionic structure.28 Current efforts  attempt to systematically 
understand RTIL toxicity and propose new ion pairs which combine low toxicity and 
biodegradability with the physical properties of the designed compound.29 Thus, RTILs 
have the demonstrated potential to reduce toxicity in industrial systems through minimized 
evaporative loss, but significant additional work must be accomplished before such RTIL 
systems can be truly considered green processes.30  
The RTIL-based polymer cure system presented here allows for practical 
replacement of metal and hydroxyl-donating catalysts. This new chemistry allows for the 
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mitigation of the challenges associated with traditional catalyst systems. Additionally, the 
novel chemistry, processing, and physical properties of RTIL-cured CE systems allows for 
a range of future applications, including ionic thermosets and nanocomposites.  
4.2.Experimental Overview 
DSC, FTIR, and DMA were used to characterize the interaction between RTILs 
and CEs. Calorimetry experiments show the effect of solution composition on cure 
kinetics, illustrating both the effect of RTIL concentration and cation structure. Isothermal, 
time-resolved FTIR spectroscopy separately shows the specific interaction between DCN 
anions and cyanate ester functional groups, the formation of reaction intermediates, the 
formation of side-products, and the formation of triazine rings.  Finally, DMA on cured 
samples shows the effect of RTIL content on Tg. From these data, a cure mechanism was 
developed 
Three primary experimental observations led to a hypothesized reaction 
mechanism. First, RTILs solutions of varying structures and concentrations accelerate 
cyanate ester cure.  Second, the cyanates in the dicyanamide anion were partially then fully 
reacted. Third, plasticization occurred with increasing RTIL content.  
In addition to curing studies, a humidity-conditioning degradation experiment was 
run, comparing 2% EMIM-DCN with a typical metal/hydroxyl catalyst system (2 phr 
nonylphenol/150 ppm Cu2+). This experiment included dry and wet mass uptake, Tg drop 
by DMA, and near-FTIR spectroscopy to determine the nature of the degradation reaction.  
4.3.Cure acceleration 
Figure 4.2. shows results of a 10°C/min temperature ramp DSC experiment for 0-
9% EMIM-DCN in LECY. EMIM-DCN shows a strong effect on cure temperatures. This 
shift in cure temperature is monotonic with respect to concentration. Even low 
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concentrations (0.5%) showed a marked decrease in kickoff temperature and peak 
exotherm temperature. This indicates that a range of RTIL concentrations can be used for 
cure acceleration.  
In addition to EMIM-DCN, five other RTILs were tested at equivalent molarities. 
Figure 4.3 depicts their cure DSC curves. All RTILs significantly accelerated cure. 1-(2-
hydroxyethyl)-3-methylimidazolium dicyanamide (Figure 4.3A) showed the lowest 
temperature cure, likely due to the hydroxyl-donor on the cation acting as a complementary 
initiator. A non-dicyanamide RTIL, 1-ethyl-3-methyl imidazolium tetrafluoroborate 
(BMIM-BF4 Figure 4.3F), also accelerates LECY cure, although the reaction kickoff 
temperature of BMIM-BF4 is still significantly higher than for the DCN-containing 
structures. This indicates that, in addition to the specific cyanamide-cyanate ester 
interaction reported in this work, the presence of ionic pairs and/or entrained water have a 
catalytic effect on the cure performance of the CE system.  
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Figure 4.2: Calorimetric curves of LECY cured with varying concentrations of EMIM-
DCN, from 0-9 wt%. An increase in RTIL content causes cure to kick off at lower 
temperatures. 
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Figure 4.3: Acceleration of cure by 2% w/w with various ionic liquids and LECY. (A) 1-
(2-hydroxyethyl)-3-methylimidazolium dicyanamide, (B)  1-(3-cyanopropyl)-3-methyl 
imidazolium dicyanamide, (C) 1-ethyl-3-methyl imidazolium dicyanamide, (D) 1-butyl-3-
methyl pyridinium dicyanamide, (E) 1-butyl-1-methyl-pyrrolidinium dicyanamide, (F) 1-
ethyl-3-methyl imidazolium tetrafluoroborate, (G) Neat LECY. 
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4.4.FTIR Spectroscopy 
Figure 4.4 shows the FTIR spectra of 10% EMIM-DCN in LECY (Figure 4.4A), 
run isothermally at 120°C for four hours (Figure 4.4B),  and post-cured for 1h at 300°C 
(Figure 4.4C). The primary observed results are the reduction of cyanate ester and 
dicyanamide peaks, the increase of triazine peaks, and the transient appearance of peaks 
representing an intermediate structure. Secondary observations include the formation of a 
new cyanate peak, and the overall stability of the spectra throughout the fingerprint region 
and C-H stretching region.  
Table 4.1 shows a listing of prominent static and dynamic peaks, their 
corresponding time-resolved change in peak intensity under isothermal heating conditions, 
and the bond assignment. Particularly notable are the cyanate peaks (2130-2267 cm-1), the 
triazine peaks (1565 cm-1 and 1369 cm-1), the intermediate peaks (1677 cm-1 1060 cm-1), 
and the static reference peaks (2973 cm-1 and 1501 cm-1). 
The cyanate region shows peaks for both cyanate ester (2267 and 2233 cm-1) and 
dicyanamide (2225, 2194, and 2130 cm-1). Additionally, a new peak at 2171 cm-1 is formed 
during the 120°C reaction, although it disappears after the post-cure. For analytical 
purposes, the peak at 2267 cm-1 is useful as a marker for the cyanate ester functionality, 
while the peak at 2194 cm-1 is useful as the marker for dicyanamide functionality. The peak 
at 2233 appears as a composite of two peaks that appear at similar locations, the  
2233 cm-1 peak of cyanate ester and the 2225 cm-1 peak of dicyanamide. The new peak 
formed at 2171 cm-1 is a cyanate peak corresponding to the unreacted arm of a dicyanamide 
anion that has been incorporated into one triazine ring. 
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Figure 4.4: Time resolved FTIR spectra of 10% EMIM-DCN in LECY isothermal at 120°C 
at different times during the reaction. (A) Initial spectra featuring unreacted compounds. 
(B) After 4h at 120 C, featuring partial reaction, non-zero reactant quantities, and reaction 
intermediate peaks. (C) after 1h at 300°C, featuring completely zero reactant quantities 
and fully formed triazine ring peaks, and no intermediate peaks. 
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Table 4.1: Peak locations, dynamic behavior, and assignment for EMIM-DCN 
FTIR Cure 
Wavenumber (cm-1) Motion Assignment 
2973 Static Aromatic C-H 
2267 Decrease OCN 
2233 Decrease DCN and OCN 
2194 Decrease dicyanamide 
2171 Increase Triazine-NCN 
2130 Decrease dicyanamide 
1677 Transitory C=N 
1565 Increase Triazine 
1501 Static LECY Aryl Backbone 
1369 Increase Triazine 
1307 Decrease  
1169 Decrease O-CN 
1060 Transitory C-N 
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Normalized peak heights corresponding to the FTIR peak changes during reaction 
are plotted in Figure 4.5.  The spectroscopy of triazine formation is well-established in 
literature, and two peaks are expected at 1565 cm-1 and 1369 cm-1.10,31 The spectra in our 
study match these peaks, within the resolution of our spectrometer, indicating that the resin 
product is the same triazine ring as in the metal- and auto-catalyzed case. Significantly, the 
saturation of the triazine peaks occurs more slowly than the decrease in cyanate groups, 
indicating the presence of an intermediate. Also appearing in the fingerprint region are two 
transient peaks at 1677 and 1060 cm-1. They trend together, peaking at a relatively short 
time, and slowly decreasing over the remainder of the experiment. These peaks provide 
clues as the identity of the reaction intermediate, and likely correspond to C=N and C-N 
stretching, respectively.  
For cyanate esters, normalized, time-resolved peak heights for the 2267 cm-1 
(LECY cyanate ester), 2133 cm-1 (dicyanamide), and 2235 cm-1 (cyanate ester and 
dicyanamide) show the relative rates of decrease. An additional peak is seen in the cyanate 
region at 2166 cm-1 with distinctively different behavior – a quick increase followed by a 
slow decrease. This peak corresponds to the unattached dicyanamide. 
These time-resolved traces are normalized with the aromatic C-C stretching of the 
bisphenol E polymer backbone at 1501 cm-1 provides a convenient reference peak for 
quantitative analysis. Additionally, the 2973 aromatic C-H stretch, also corresponding to 
the Bisphenol E polymer backbone, provides a redundant, roughly equivalent reference. 
Comparing analysis performed based on either of the reference peaks yielded practically 
indistinguishable results, confirming that the effects noted in this section are fundamental, 
rather than artifacts of wavelength-based FTIR intensity effects.   
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Figure 4.5: Time-resolved normalized peak heights relative to the LECY aromatic 
reference peak at 1500 cm-1 for 10% EMIM-DCN/90% LECY solution, cured 
isothermally at 120°C. Cyanate ester concentration is tracked with the 2266 cm-1 peak (-
●-) and the 2235 cm-1 peak (+). Dicyanamide concentration is tracked with the 2133 cm-1 
peak (○). Reaction intermediates on two timescales are observed - monocyanamide at 
2166 cm-1(▲), and an intermediate structure with C-N bonds at 1060 cm-1(□)  and C=N 
bonds at 1677 cm-1(-■-).  Finally, triazine ring formation is directly observed by two 
peaks, at 1367 cm-1(-♦-) and 1561 cm-1(◊). 
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4.5.Plasticization 
Figure 4.6 shows the Tg of resins cured with a range of  EMIM-DCN, featuring a 
plasticization effect with increasing RTIL content, with nearly 100ºC decrease in glass 
transition temperature at 10% loading.  
The observed loss of Tg resulting from increasing RTIL content and the variance 
with cure schedule (Figure 4.6) could be attributed to competing side-reactions, a reduction 
in achievable cure, or a decreased cross-linking density. The absence of a carbonyl peak 
indicates that carbamate formation was not significant in the reaction schemes pursued for 
FTIR analysis. The complete extinction of cyanate ester peaks (2267 cm-1) indicates the 
complete reaction of the monomer. The ultimate heights of the triazine peaks vary both 
with RTIL content and curing schedule, suggesting that cure procedure optimization is 
necessary to maximize full polymer cure.  Finally, the decreased cross-linking density of 
the dicyanamide anion relative to the LECY monomer should decrease the Tg 
systematically with increased RTIL content.  
Cross-linking density is reduced as the dicyanamide replaces a LECY monomer. 
While the dicyanamide does have two functional groups, the small size and limited 
flexibility of the amide linker between them effectively prevents the reaction of both end 
groups. It is possible that both end cyanate groups of dicyanamide react, although this study 
does not provide evidence to that possibility. However, even if the amide bridge between 
two triazine rings were possible, it would be so sterically hindered as to be a negligible part 
of the overall network structure.  
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Figure 4.6:Tg after post-cure of LECY-EMIM-DCN polymers, showing the effect of RTIL 
content on temperature performance. This is the result of the decreased cross-linking 
density of the network due to the short dicyanamide link, which rarely forms two triazine 
rings. 
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4.6.Reaction mechanism  
Based on the FTIR data (Table 4.1, Figure 4.4., Figure 4.5.), several things can be 
directly observed about the interaction between dicyanamide and cyanate ester. The 
primary cyanate ester reaction occurs simultaneously with a reaction involving the 
dicyanamide anion. The disappearance of cyanate groups chronologically precedes the 
appearance of triazine rings. Corresponding to this time gap, transient bonds that peak 
between cyanate disappearance and triazine appearance indicate a reaction intermediate 
with new C-N, C=N, and amine functions. Finally, the triazine bonds formed in this 
reaction appear where indicated in literature, demonstrating that a standard triazine ring is 
formed from this reaction.  
The decrease in dicyanamide (2130 cm-1), corresponding in time to the decrease in 
cyanate ester groups (2267 cm-1), indicate that the dicyanamide group is participant in the 
primary reaction. Further, the appearance of a shifted peak in the cyanate region (2171 cm-
1), indicates a change in the structure to which the cyanate is bonded. Thus, the dicyanamide 
is present in the triazine ring structure, leaving an unreacted cyanamide.  
Three transient peaks hint at the identity of the reactive intermediate. The two peaks 
at 1677 cm-1 and 1060 cm-1 correspond well to the expected locations of double and single 
CN bonds, respectively. The presence of a narrow amine peak at 3340 cm-1 suggests the 
presence of an amine group as well.  
These groups are very similar to those seen in the reactive intermediate schemes 
presented by Simon and Gillham.5 Figure 4.7. shows a modified version of the primary 
reaction mechanism of Simon and Gillham. This model still assumes the importance of 
adventitious water and hydroxyl containing impurities. It incorporates the dicyanamide 
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structure directly into the triazine ring, leaving a single cyanamide group with a different 
molecular environment.  
 
 
Figure 4.7: Mechanism of cyanate ester cure, modified from Simon and Gillham to show 
dicyanamide incorporation into the triazine network structure. R1 represents the bisphenol 
E monomer structure, with attachment to another cyanate ester group and, when formed, 
the entire network. R2 represents the residual structure of the hydroxyl donor, which could 
be reduced monomer, phenolic impurity, or just water. In the first reaction step, a hydroxyl 
donor reacts with a cyanate ester monomer to create a hydrated cyanate that can interact 
effectively with other monomers. The second step shows the reaction between the hydrated 
cyanate and dicyanamide to create a reactive intermediate. This is the step accelerated by 
the dicyanamide anion. Finally, the reactive intermediate reacts with another cyanate 
ester, evolves the hydroxyl donor, and forms a triazine ring that is connected to a hanging 
anionic cyanamide.   
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4.7.Side Reactions 
Cyanate ester synthesis is complicated with monomer carbamate formation; the 
cured resin is affected by hydrolytic degradation through both ring-opening and chain 
scission18 mechanisms. In addition to those reactions, the cyanamide group attached to 
triazine ring from this mechanism (representing the cyanate peak at 2171 cm-1) show signs 
of hydrolysis during the high temperature post-cure, simultaneous to the appearance of a 
broad hydroxyl peak (3350 cm-1). This demonstrates that an additional side reaction that 
should be considered is the reduction of unreacted cyanamides. Since this reaction does 
not affect the network structure, the Tg is unlikely to be affected by this side reaction.  
4.8.Humidity conditioning 
In order to test for hydrolytic degradation behavior, the methodology of Marella et 
al.18 was used to compare 2% EMIM-DCN and unpublished results from our research 
group on 2phr nonylphenol/160 ppm Cu2+ catalyzed LECY.  Samples were dried, humidity 
conditioned, and then re-dried after conditioning. After cycling, mass uptake, near-FTIR, 
and DMA measurements were taken. Mass uptake corresponds to hydrolysis product 
formation, the nature of which is corroborated by FTIR. DMA indicates the degree to 
which hydrolytic degradation affects Tg. 
Figure 4.8 shows the mass uptake data from the 85ºC/85% RH humidity 
conditioning experiment. The primary water uptake shows a monotonic increase. Water 
sorption occurs during the first three days, after which mass continues to increase linearly 
due to hydrolysis reaction products. The arrows in figure 4.8 indicate the times at which 
samples were removed for drying. The mass increase of those dried samples, indicated by 
the lower points, are the result of the hydrolysis reaction products. 
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The identity of the mass uptake results is verified by near-FTIR. Figure 4.9 shows 
near-FTIR spectra untreated, cured EMIM-DCN/LECY, and the dry results of 1-5 weeks 
of humidity treatment. Of particular note are the reference peak at 5990 cm-1 and the –OH 
stretching peak at 4991 cm-1.  
Hydrolytic degradation affects glass transition temperature. 4.10 shows the drop in 
glass transition temperature upon exposure to an 85°C/85% RH humidity environment and 
subsequent drying for 2% w/w EMIM-DCN in LECY compared to LECY cured by 150 
ppm Cu2+ and 2 phr nonylphenol.   
A similar study on PT-30 polymers and composites is shown in Figure 4.11. PT-30 
samples – without catalyst, cured with 5% RTIL, and cured with 5% RTIL and 2% directly 
dispersed graphite flake, show different mass uptake results. First, the presence of RTIL 
decreased equilibrium water uptake, for both polymer and composite samples. Second, the 
presence of graphite platelets slowed mass uptake for these samples. These suggest ways 
RTIL chemistry could be used for water management of cyanate ester systems. 
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Figure 4.8: Mass uptake results for 85/85 humidified and dried samples. The wet mass 
uptake curve. The main curve (●)represents water uptake in a humidity environment. The 
other curves represent drying curves of humidified samples taken at 3 days(■), 1 week(♦), 
2 weeks(■), 5 weeks(●), and 6 weeks(♦).   
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Figure 4.9:Near-FTIR spectra of 2% EMIM-DCN in LECY subjected to a humidity 
conditioning 
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Figure 4.10: Tg reduction to to hydrolytic degradation of polymer exposed to an 85% 
RH/85C humidity environment. 
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Figure 4.11: Mass uptake due to hydrolytic degradation of PT30 samples under 85 C/85% 
RH conditions, showing a reduced equilibrium mass uptake for RTIL chemistries and a 
slower diffusion rate for graphite nanocomposite materials.  
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4.9.Water uptake and degradation  
Water uptake, hydrolytic degradation rates, and Tg dropoff were compared for 2% 
w/w EMIM-DCN cured LECY and Cu2+/nonylphenol cured LECY. Equilibrium water 
uptake was determined from mass uptake (Figure 4.8). Additionally, following the 
methodology of Marella et al., hydrolytic degradation rates were determined from both 
mass uptake (Figure 4.8) and mass-calibrated near-FTIR (Figure 4.9). Finally, Tg dropoff 
following humidity conditioning (Figure 4.10) was determined versus humidity exposure 
time. Table 2 shows the side-by-side results of these parameters. These results suggest that 
compared to the conventionally catalyzed system, an ionic liquid catalyzed system 
displayed lower equilibrium water sorption and a similar hydrolytic degradation rate by 
both mass and FTIR. The EMIM-DCN cured sample showed slower initial Tg dropoff. 
Additionally, for PT-30 samples, 5% RTIL initiator decreased equilibrium uptake, and 2% 
graphite exfoliated/dispersed with RTIL solvation chemistry and 3-roll milling decreased 
water diffusion rate.  
 
 
 
 
Table 4.2: Water dynamics within LECY polymers cured with EMIM-DCN and 
Cu/nonylphenol 
 Equilibrium 
Uptake (%) 
Degradation 
rate (mass) 
Degradation 
rate (mass-IR) 
Tg0-Tg  
(2 weeks) 
Tg0-Tg  
(5 weeks) 
EMIM-DCN 1.5 4.7x10-9 5.8x10-9 -32°C -70 °C 
Cu2+/nonylphenol 1.8 5.1x10-9 4.9x10-9 -42°C -55 °C 
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4.10. Conclusions 
RTILs provide an alternative cure pathway to conventional hydroxyl-donor and 
metal catalysis systems. The RTIL-CE thermoset is a high-Tg resin with low-temperature 
curing parameters. This initiation involves a direct reaction with the dicyanamide anion, 
creating an anionic thermoset structure with an ionically associated cation. Increased RTIL 
content shows a plasticization effect due to the decrease in cross-linking density. Tg of the 
resin also showed great sensitivity to thermal cure schedule design. The resulting matrix 
showed lower equilibrium water uptake (1.5% vs 1.8%), and slower initial Tg reduction 
rates after exposure to a humid environment, when compared with a metal/hydroxyl-
catalyzed cyanate ester. Additionally, the ionic thermoset structure presents a cured resin 
with ionically bound species that could make an excellent subject for future research in 
ionomers and nanocomposites.  
4.11. Materials and Methods 
4.11.1. Materials 
Figure 4.11 shows the structures for a range of DCN-containing ionic liquids used 
in this study - 1-ethyl-3-methyl imidazolium dicyanamide, 1-(3-cyanopropyl)-3-methyl 
imidazolium dicyanamide, 1-(2-hydroxyethyl)-3-methylimidazolium dicyanamide, 1-
butyl-3-methyl pyridinium dicyanamide, and  1-butyl-1-methyl-pyrrolidinium 
dicyanamide. Additionally, 1-ethyl-3-methyl imidazolium tetrafluoroborate is shown as a 
non-dicyanamide control. These were purchased from Sigma Aldrich and used as received.  
Primaset LECY and PT30 resins were obtained as a research sample from Lonza, Inc. and 
used as received.  
4.11.2. Polymer cure 
0, 0.5, 1, 2, 5, and 10% EMIM-DCN in LECY Samples were mixed in a Thinkee 
two-axis mixer and poured into 60x15x4 mm rectangular molds, and degassed under 
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vacuum for 20 minutes. Within the molds, the samples were cured at 80 °C/12h, 100 °C/4h, 
120 °C/4h, 150 °C 2h. After removal from the mold, the samples were post-cured at 300°C 
for 1h. 
 
 
 
 
 
 
 
Figure 4.12: Structures for DCN-containing RTILs that are shown by this study to 
accelerate cure of cyanate ester resins. (A) 1-ethyl-3-methyl imidazolium dicyanamide, (B) 
1-(3-cyanopropyl)-3-methyl imidazolium dicyanamide, (C) 1-(2-hydroxyethyl)-3-
methylimidazolium dicyanamide, (D) 1-butyl-3-methyl pyridinium dicyanamide, (E) 1-
butyl-1-methyl-pyrrolidinium dicyanamide, (F) 1-ethyl-3-methyl imidazolium 
tetrafluoroborate. 
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4.11.3. Calorimetry 
Liquid samples were mixed in a 20 ml vial, and 10-20 mg samples removed for 
testing. Samples were crimped into a TA instruments hermetically sealed differential 
scanning calorimetry (DSC) pan in a TA Instruments Q2000 DSC and run through a 
temperature ramp procedure from 25°C to 350°C at a ramp rate of 10°C/min.  
4.11.4. Infrared Spectroscopy 
For Fourier Transform Infrared Spectroscopy (FTIR), liquid samples were mixed 
in a 20 ml vial via a Thinkee two-axis mixer. Single droplets were placed between two 25 
mm diameter x 4 mm thickness NaCl single-crystal optical elements with a 25 μm spacer. 
This salt plate apparatus was placed in an isothermal aluminum cell inside a Thermo-
Nicollet 6700 FTIR spectrometer. A series of transmission spectra were taken with a 
resolution of 8 cm-1.  Degradation samples were measured in a Thermo Nexus 670 near-
FTIR, with the transmission beam passing directly through the treated sample.  
4.11.5. Glass Transition Temperature 
To determine Tg for all samples, Dynamic Mechanical Analysis (DMA) was 
performed in a TA Instruments 2980 DMA from room temperature to 350°C with a 
temperature ramp of 2°C/min. 
4.11.6.Humidity Conditioning 
DMA samples were conditioned and monitored following the procedure of Marella, 
Throckmorton and Palmese4. This procedure involves long-time humidity conditioning 
(up to 5 weeks @85ºC/85% RH), thermal drying, and analysis by gravimetric mass uptake, 
mass-calibrated near-FTIR, and  DMA. This method explicitly measures both degree of 
hydrolysis (by mass and IR) and the consequences of that hydrolysis on the temperature 
performance of the polymer. Data for 2% w/w EMIM-DCN in LECY were compared with 
LECY samples catalysed with 2 phr nonylphenol/160 ppm Cu2+. 
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5. Conclusions, future work, and design challenges 
This thesis explores the application of a room temperature ionic liquid, EMIM-
DCN in thermoset formulations to streamline the creation of nanocomposite materials 
and provide future strategies for solvent/intiator/exfoliation optimization. In particular, 
EMIM-DCN serves as a solvent for silica and graphite nanofillers and an initiator for 
polymerization of epoxies and cyanate esters. In addition to the materials prepared in this 
work, advances were made in the fields of nanoparticle dispersion and polymer 
formulation, graphite exfoliation, and cyanate ester initiation chemistry. To expand the 
immediate impact of this work, specific future work is recommended on application-
driven material properties, nanoscale characterization of processed materials, and RTIL-
CE cure kinetics. Moreover, for advanced applications this work provides proof of 
concept for a number of design challenges, including novel initiator-solvent chemistries, 
hybrid composite design, multiscale composite design, direct dispersion process 
optimization, degradation mechanism dependencies for CEs, and ionic thermosets. 
5.1.Conclusions summary 
Dispersion 
The primary conclusion of the dispersion study carried out under the aegis of this 
dissertation was the successful preparation of nanocomposites created with a bifunctional 
RTIL initiator-solvent. This discovery results in improved processing efficiency, safety, 
and material uniformity versus volatile-solvents systems, and was demonstrated to 
produce effective dispersion of at least two types of nanpoarticles with differing 
geometries and surface chemistries. For GNP composites, a relationship between 
dispersion and processing was established, for both processing type and extent. The 
resulting nanocomposites showed improved properties relative to the neat polymer, and 
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comparable to results presented in literature for similar nanoparticles. Significantly, 
hybrid nanocomposites made of two particles with differing geometry resulted in a 
synergistic improvement in modulus, superior to the sum of the individual particles 
present. Finally, the dispersion state of GNPs and their partial exfoliation set up further 
investigations into the physical and chemical direct exfoliation of graphite.  
Exfoliation 
This study demonstrates the successful exfoliation of graphite, and the simple 
preparation of graphene nanocomposites directly from natural flake graphite. This was 
accomplished by a combination laminar shear processing and a polymer formulation 
featuring a bifunctional RTIL solvent-initiator. Laminar shear in a poor solvent 
environment was demonstrated to be successful for graphite exfoliation, but did not 
produce a well-dispersed nanocomposite. The interlayer shearing mechanism of 
exfoliation is understood from the anisotropic physics of graphite, and a modified 
Couette flow model correlates the processing considerations used in this study with 
recent advances in the understanding of graphite ISS values.  
CE Cure 
Dicyanamide anions are incorporated directly into cyanate ester polymer system, 
creating a unique thermoset system with ionic functionality and a reduced curing 
temperature, with respect to monomer autocatalysis. This formulation can be cured to a 
high Tg, lower water uptake, and similar degradation kinetics compared to a copper 
catalyzed polymer. Further, this ionic liquid system can be used to prepare 
nanocomposites via the RTIL dispersion strategy developed previously in this work. 
These nanocomposites, in contrast to glass fiber composites, showed a decreased water 
uptake and could be a promising direction for future optimization. 
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5.2.Future work 
Additional property characterization for nanocomposites 
The nanocomposites prepared in this work were tested for functional properties 
that provided insight into the theoretical aspects of this work – dispersion, particle 
distribution, exfoliation state, and platelet aspect ratio. Silica nanocomposites, for which 
important concepts include dispersion and polymer-particle interface, were tested using 
analytical methods focused on modulus and fracture toughness. GNP, graphite, and 
graphene nanocomposites, for which important concepts include mechanical 
reinforcement and the formation of the percolating nanoparticle network, characterization 
emphasized modulus and electrical conductivity.  
In addition to these properties, which provide insight into the nanoscale structure 
of the nanoparticle-polymer system, these nanofillers are likely to provide other polymer 
property improvements. Quantities such as flame resistance, fracture toughness, heat 
conductivity, advanced electrical properties, creep, Poisson ratio, or coefficient of 
thermal expansion are likely modified by the presence of nanofillers and nanofiller 
interfaces. Of particular note, other studies have shown that silica can improve flame 
resistance of polymers, and that graphite nanocomposites can induce substantial thermal 
conductivity and fracture toughness gains. Thus, the further characterization of these 
materials is called for in order to increase application attractiveness for these materials. 
Nanoscale characterization of processed materials 
The graphite exfoliation in this work was accomplished by laminar shear directly 
into a polymer-intiator formulation. This provided for simple composite cure and 
composite characterization methods, including rheometry, electrical conductivity, and 
XRD. However, due to the nature of the formulation, separation of the liquid solution 
from the nanoparticles without restacking would have been a difficult challenge.  This 
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challenges experimental ability to perform traditional particle characterization methods, 
such as specific surface area, quantitative SEM/TEM, or raman spectroscopy on dry 
particle samples. In order to perform these tests, the same physical processing system 
with a volatile chemical system could create directly exfoliated graphite particles for 
further characterization. 
 
RTIL-CE kinetics 
This study established the mechanism of CE cure by dicyanamide incorporation. 
The next step to understand this system is a study of reaction kinetics. Of particular 
interest are comparative rates of ring formation, comparing a 3-cyanate ester ring with a 
dicyanamide containing ring. In particular, a GPC study with the ability to monitor 
oligomer formation in early-cure would provide particular insight into the mechanism of 
polymer propagation. 
5.3 Design challenges  
Novel initiator-solvent chemistries 
This study demonstrates the use of EMIM-DCN for simultaneous nanoparticle 
suspension and polymer cure. Some of the benefits of ionic liquids are their tunability, for 
solvation, physical properties, reaction properties, and cost. In this case, modification at 
the 3-position of the imidazolium ring could optimize the solution chemistry for graphitic 
carbon or other nanoparticles, while leaving the reaction chemistry intact. A study of 
comparative RTILs could maximize exfoliation and dispersion, while potentially 
minimizing cost for industrial applications. In particular, BMIM-DCN has a lower 
solvent surface energy than EMIM-DCN, closer to the value of graphite, as determined 
by experimental studies, and could make a more attractive graphite nanocomposite 
preparation medium.  
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Hybrid composite design 
This study demonstrated a synergy in the modulus reinforcement effect of silica 
and graphite nanofillers. Similar synergistic effects have been noted by other researchers, 
notably synergistic effect in graphene-carbon nanotube composites for electrical and 
thermal conductivity. Filler particles of differing aspect ratio can load to a higher density 
than high-aspect ratio particles. Applied nanocomposite design could optimize both total 
filler loading and properties by such a hybrid system.  
There are two ways to manufacture a hybrid nanocomposite – sequential 
dispersion or co-dispersion. The composites manufactured in this study were sequentially 
dispersed - silica was first dispersed into DGEBA using a volatile solvent. Subsequently, 
GNPs were dispersed into the DGEBA/silica/RTIL system. A second strategy is co-
dispersion, in which the particles are simultaneously suspended by the same solvent.  
Designing such a solvent should take into account the solvent parameters of both 
dispersed particles. Extending results from this study on a sequentially dispersed hybrid 
composite, an RTIL initiator system with tunable solvent chemistry would provide an 
excellent base for the design of co-dispersants for particular nanofiller pairs. 
Fiber-based composites/nanocomposites 
Among the primary applications of thermosetting polymers are structural 
composites, made with thermosetting polymers and fibrous fillers. Adding nanoparticles 
to such a system offers promise for additional property improvement, but introduces 
theoretical design and practical processing challenges. Charge transfer is an important 
property in large-scale structural applications, particularly in the aerospace and wind 
power industries. Mechanical reinforcement could provide additional stiffness, beyond 
that offered by the fibrous reinforcement.  
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A successful nanocomposite-matrix for use with a conventional composite 
architecture requires a solvent that suspends the nanoparticle and wets the fiber surface. 
As with solvent optimization and hybrid composite design, tunable ionic liquid chemistry 
provides a platform for optimization of this particular design problem. This is especially 
true since the surface chemistries of the two most common fiber-based composites – 
carbon fiber and glass fiber – have similar surface chemistries to the silica and graphite 
particles developed in this study.  
Direct dispersion optimization 
This study developed a laminar shear processing regimen that effectively 
exfoliated graphene layers directly from flake graphite. The mechanical processing was 
possible because of the anisotropy of the graphite crystal, as well as an intelligently 
chosen flow field. In order to further develop this technology, an optimization based on 
aspect ratio should be pursued. This study will advance the precision of processing, so 
that predictable layers of maximized lateral are can be produced. If sufficient precision is 
developed, this is not only an effective processing method for nanoparticle preparation, 
but could produce low-cost graphene for high-purity applications.   
 
Degradation mechanism dependencies 
The hydrolytic degradation of cyanurate ester bonds is a complicated one, 
affected by equilibrium water uptake, water diffusion rates, and catalyst presence. These 
factors, in turn, are affected by monomer identity, thermal history, density, and rigidity. 
With so many dependencies, direct comparisons, such as those between two monomers, 
two cure histories, or two catalyst conditions are difficult to analytically make. Thus, a 
systematic study to determine the effect of relevant formulation parameters on 
degradation is called for. To be effective, this study will need to control other variables, 
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and provide definitive evidence of the effect of the single variable change on Tg and 
degradation properties of the polymer.  
Such a study would provide a baseline for advanced cyanate ester design, and 
provide a point of comparison for future technologies that attack the problem of 
hydrolytic degradation of the cyanurate ester bond, potentially opening the door to new 
high-temperature composite applications. From such a baseline, the effectiveness of 
various degradation reduction strategies could be assessed. A number of potential 
degradation reduction strategies, such as the addition of platelet nanoparticles, protecting 
groups, and non-degrading catalyst systems catalyst systems require such a baseline. 
5.3.Concluding Remarks 
 
The design of nanocomposite materials draws application knowledge from a 
range of technical disciplines, and requires a thorough process design. This study began 
with a novel RTIL-epoxy formulation. In the process of finding applications for this 
formulation, the study expanded into allied fields of nanoparticle dispersion, nanoparticle 
processing methods, graphite shear physics, cyanate ester cure chemistry, and cyanate 
ester degradation chemistry. The application of an RTIL to these problems provides the 
scientific basis for a variety of novel systems that address current problems in thermoset 
formulation, cure, and application - in particular, RTIL-dispersed silica, GNP, hybrid 
silica-GNP, directly dispersed graphite nanocomposites, RTIL-cured cyanate esters, and 
RTIL-cured cyanate ester nanocomposites. Further, because of the tunable nature of the 
RTIL solvent, each of these new technologies developed in this work is now a platform 
for iterative engineering optimization.  
 
Vita 
 
 
 
James Alexander Throckmorton  
Born: December 27, 1982, Denver, Colorado  
 
Education:  
Drexel University, Department of Chemical and Biological Engineering  
Doctor of Philosophy  
Thayer School of Engineering at Dartmouth College  
Bachelor of Engineering  
Dartmouth College  
Bachelor of Arts in Chemistry  
 
Publications:  
“Liquid Phase Micromechanical Exfoliation of Graphite for Graphene Nanocomposites” 
accepted - ACS Applied Materials and Interfaces DOI: 10.1021/acsami.5b03465  
 
“Thermoset Polymers Having a Triazine Network Obtained by Reaction of Cyanate 
Esters With Dicyanamide Room Temperature Ionic Liquids” US Provisional Patent 
Application # 62109365, 2015  
 
“Hydrolytic Degradation of Highly Crosslinked Polyaromatic Cyanate Ester Resins” 
Marella, V; Throckmorton, JA; Palmese, GR Polymer Degradation and Stablity, Vol. 
104, pp. 104-111 (2014)  
 
“Room Temperature Ionic Liquids for Epoxy Nanocomposite Synthesis: Direct 
dispersion and cure” Throckmorton, JA; Watters, AL; Geng, X; Palmese, GR; 
Composites Science and Technology Vol. 86 pp. 38-44 (2013)  
 
Awards:  
3rd Place, PhD Candidate Paper Competition, Society for the Advancement of Materials 
and Process Engineering 2012 Annual Meeting 
  
Koerner Fellowship from Drexel University College of Engineering (September 2009-
June 2010) 
  
2nd Place, Materials Poster Session, AIChE Annual Meeting (November 2008)  
 
Graduate Teaching Assistant Excellence Award (nominated) (June 2008)  
 
Dean’s Fellowship from Drexel University College of Engineering (February 2008)  
 
Hypercube Scholar Award for Scholastic Excellence in Chemistry from Dartmouth 
Chemistry Faculty (June 2006) 
